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Abstract:
We study LHC Higgs signatures from the extended electroweak gauge symmetry SU(2) ⊗
SU(2)⊗U(1). Under this gauge structure, we present an effective UV completion of the 3-site
moose model with ideal fermion delocalization, which contains two neutral Higgs states (h, H)
plus three new gauge bosons (W ′, Z ′). We study the unitarity, and reveal that the exact E2
cancellation in the longitudinal VLVL scattering amplitudes is achieved by the joint role of
exchanging both spin-1 new gauge bosons and spin-0 Higgs bosons. We identify the lighter
Higgs state h with mass 125GeV, and derive the unitarity bound on the mass of heavier Higgs
boson H . The parameter space of this model is highly predictive. We study the production
and decay signals of this 125GeV Higgs boson h at the LHC. We demonstrate that the h
Higgs boson can naturally have enhanced signals in the diphoton channel gg → h → γγ ,
while the event rates in the reactions gg → h → WW ∗ and gg → h → ZZ∗ are generally
suppressed relative to the SM expectation. Searching the h Higgs boson via the associated
production and the vector boson fusions are also discussed for our model. We further analyze
the LHC signals of the heavier Higgs boson H as a new physics discriminator from the SM.
For wide mass-ranges of H , we derive constraints from the existing LHC searches, and study
the discovery potential of H at the LHC (8TeV) and LHC (14TeV).
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1 Introduction
The excellent performance of the LHC running at 7TeV (2011) and 8TeV (2012) has allowed
both ATLAS and CMS collaborations to explore substantial mass-ranges of the Higgs boson
[1] in the standard model (SM) [2]. During 2011 and the first half of 2012, each collaboration
has collected about 10 fb−1 data. The planned LHC running in 2012 is extended for seven
weeks until December 16, 2012, and will accumulate up to 20 fb−1 data in each detector. So far
ATLAS has excluded the SM Higgs mass-range up to 523GeV at 99%C.L., except the small
window of (120.8, 130.7)GeV [3]. At the meantime, CMS excluded the SM Higgs mass-ranges
of (110, 112)GeV, (113, 121.5)GeV and (128, 600)GeV at 99%C.L. [4]. Both experiments
have detected exciting event excesses around the mass window of 125−126GeV [5, 6]: ATLAS
reached a 5.9σ significance at 126.0 GeV and CMS deduced a 5.0σ signal at 125.3GeV. These
are obtained by combining the most sensitive search channels of (γγ, WW ∗, ZZ∗). With the
combined data from 7⊕ 8TeV collisions, the ratios of the observed ATLAS and CMS signals
over the SM expectations in the γγ decay mode are 1.8 ± 0.5 and 1.5+0.6−0.3 , respectively.
For the ZZ∗ → 4ℓ decay channel, the experiments have the observed rates over the SM
expectations equal 1.2±0.6 [ATLAS] and 0.7+0.6−0.4 [CMS]. In the WW ∗ → ℓνℓν channel, the
observed rates relative to the SM are 1.3±0.5 [ATLAS] and 0.6±0.4 [CMS]. For the bb¯ and
τ τ¯ final states, the data still have large statistic errors and the central values fall in between
zero and the SM expectations. — It is intriguing that the current observed Higgs signals in
the diphoton mode are found to be always higher than the SM values, which is an indication
of possible new physics in the electroweak symmetry breaking mechanism.
Extending the SM gauge symmetry is a fundamental way to construct new physics beyond
the SM. This is especially motivated by the deconstruction [7] approach of the electroweak
symmetry breaking [8–10], which includes additional SU(2) and/or U(1) gauge groups. Such
extra gauge groups are also generic in the low energy theories of many unified models [11].
In this work, we consider the minimal gauge extension of the SM with an extra SU(2) gauge
group, which will be called 221 model for abbreviation. We will focus on its Higgs sector for
the desired gauge symmetry breaking SU(2)0⊗SU(2)1⊗U(1)2 → U(1)em. This can be viewed
as an effective UV completion of the nonlinearly realized 3-site Higgsless moose model [9] by
adding two Higgs doublets Φ1 and Φ2 . After the spontaneous symmetry breaking, two Higgs
doublets give rise to six would-be Goldstone bosons for the mass generation of six gauge bosons
(W a0 , W
a
1 ) , and leave two neutral Higgs states (h
0, H0) in the physical particle spectrum.1
The gauge sector of our 221 model is the same as the 3-site moose model [9] or the nonlinear
BESS model [12] and the hidden local symmetry model [13]. Our fermion sector follows the
3-site model [9], where the fermions enjoy the ideal delocalization [14]. This makes the new
weak gauge bosons essentially fermiophobic, so they can be relatively light and significantly
below 1TeV. The ideal delocalization minimizes the electroweak corrections to the oblique
parameters, and gives the leading contributions to the triple gauge coupling of WWZ, where
1Here, two Higgs VEVs are equal [9] or of the same order of magnitudes, different from all other types of
extended SU(2)⊗ SU(2)⊗ U(1) models in the literature.
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(W,Z) denote the light weak gauge bosons. The LEP-II constraint was found to only put
a mild lower limit on the new gauge boson mass of W ′ to be about 300GeV [9, 10]; it also
escapes from the current direct searches at the LHC and Tevatron [15]. The signatures of
such new gauge bosons were studied at the LHC (8TeV) and LHC(14TeV), which have good
discovery potential over the wide gauge boson mass-range of 250GeV−1TeV [16]. We also
note that realizing the ideal delocalization [14] adds additional vector-like fermions, which will
contribute to loop-induced processes for both Higgs productions and decays (cf. Appendix).
The phenomenologies of the pure gauge and fermion sectors of our 221 model are mainly the
same as the 3-site moose model [9].2
The goal of the present work is to focus on the full Higgs sector of the 221 model and its
LHC signatures, which were not available before. In section 2, we first set up the model, in-
cluding the gauge and Yukawa interactions of the two Higgs doublets, and the complete Higgs
potential. Then, we present the non-standard couplings of Higgs bosons to all gauge bosons
and fermions, including the new gauge bosons W ′/Z ′ and the heavy vector-like fermions F .
In particular, the coupling strengths between the light Higgs boson h0 and the light weak
bosons W/Z are generically reduced relative to those of the SM Higgs boson. We further
study the LHC signals of the heavier Higgs boson H0 whose discovery will play the key role
to discriminate the present model from the SM. In addition, we analyze the perturbative uni-
tarity condition of our model, and reveal that the exact E2 cancellation in the longitudinal
VLVL scattering amplitudes is achieved by the joint role of exchanging both spin-1 new gauge
bosons (W ′, Z ′) and spin-0 Higgs bosons (h,H) . Identifying the lighter Higgs boson h0
with mass of 125GeV, we derive the unitarity bound on the mass of heavier Higgs state H0.
In section 3, we systematically analyze the LHC signatures of the lighter Higgs boson h0
with mass of Mh = 125GeV. The dominant gluon-fusion processes are shown to be mostly
sensitive to the Higgs mixing angle α , and the Higgs production cross section can be enhanced
over the SM expectation due to the new heavy quark contributions of our model. The
sub-dominant processes of vector boson fusion (VBF) and the Higgs associated productions
are also studied, which always predict suppressed signals relative to the SM Higgs boson.
Combining the analyses of both productions and decays, we demonstrate that our model can
generate the observed di-photon signals in proper parameter regions. On the other hand,
we will show that h0 signals from the WW ∗/ZZ∗ channels are always suppressed, and are
consistent with the current LHC data [3, 4]. No excess of Higgs signals come from either
the VBF process or the vector boson associated production in our model. In parallel, we
analyze the LHC signatures of the heavier Higgs boson H0 as a new physics discriminator
from the SM in section 4. Due to the suppressed couplings of H0 with the SM particles, the
discovery potential of H0 is quite challenging, but it can be further probed at the LHC (8TeV)
2The 221 gauge group was considered in very different contexts before, such as the family non-universality
model [17], the un-unified standard model [18], the topflavor seesaw model [19], and some recent collider stud-
ies [20], etc, but the Higgs sector (including the Higgs potential, mass-spectrum and couplings) and its collider
phenomenology were not addressed. Their fermion sectors also substantially differ from our current setup
under the ideal delocalization [14].
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with more data collected by the end this year, and at the LHC (14TeV). We also study an
interesting case with h0 and H0 being (nearly) degenerate around mass 125 − 126GeV. To
further discover the new Higgs boson H0 will be crucial for discriminating our 221 model
from the SM.
We conclude in section 5. In addition, we provide two appendicesA and B to summarize
the partial decay widths for the Higgs bosons h0 and H0 in the 221 model, respectively.
2 Spontaneous Symmetry Breaking and Unitarity
In this section we will study the spontaneous symmetry breaking and the unitarity of the
221 model. We present the complete Higgs potential, and derive the Higgs mass-spectrum
and their mixing. Afterwards, we analyze all Higgs couplings with the gauge bosons and
fermions, as well as gauge boson self-couplings and gauge-fermion couplings. Finally, we
study the unitarity of the present model. We reveal that the exact E2 cancellation in the
longitudinal VLVL scattering amplitudes is achieved by the joint role of exchanging spin-1
new gauge bosons W ′/Z ′ and spin-0 Higgs bosons. Identifying the lighter Higgs state h0 to
have mass 125GeV, we derive the unitarity bound on the mass of heavier Higgs boson H0.
We find that the parameter space of this model is highly predictive.
2.1 Structure of the 221 Model
We consider a minimal gauge extension of the SM with an extra SU(2) gauge group, so the full
electroweak gauge symmetry G = SU(2)0⊗ SU(2)1⊗U(1)2 at some high energy scale will be
spontaneously broken down to U(1)em of QED. The product gauge groups SU(2)0⊗SU(2)1⊗
U(1)2 have the gauge couplings, g0, g1, and g2, respectively. Since we are constructing an
effective UV completion of the 3-site Higgsless nonlinear moose model [9], we will focus on
the distinct parameter space g1 ≫ (g0, g2) for the present study, which differs from most
other SU(2) extensions in the literature [17–20]. With g1 ≫ (g0, g2), the SU(2)0 ⊗ U(1)2
are approximately reduced to the SM electroweak gauge group SU(2)L ⊗ U(1)Y, while the
SU(2)1 becomes the additional new gauge symmetry. We introduce two Higgs doublets Φ1 and
Φ2, transforming as (2, 2, 0) and (1, 2,
1
2) under G, respectively. They develop two vacuum
expectation values (VEVs), f1 and f2 , from minimizing the Higgs potential. The gauge
symmetry breaking takes in the following sequences,
SU(2)0 ⊗ SU(2)1 〈Φ1〉6=0−−−−→ SU(2)V , (2.1a)
SU(2)1 ⊗U(1)2 〈Φ2〉6=0−−−−→ U(1)V , (2.1b)
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where the subscript “V ” represents the diagonal part of the product groups. Thus, the
Lagrangian for the gauge and Higgs sectors can be written as,
L = −1
4
3∑
a=1
W a0µνW
aµν
0 −
1
4
3∑
a=1
W a1µνW
aµν
1 −
1
4
B2µνB
µν
2
+
∑
j=1,2
tr
[
(DµΦj)
†(DµΦj)
]
− V (Φ1,Φ2) , (2.2)
where W aµν0 , W
aµν
1 , and B
µν
2 are the field strengths of the SU(2)0, SU(2)1 and U(1)2 gauge
symmetries, respectively. According to our assignments for Φ1 and Φ2, we can write down
the general Higgs potential V (Φ1,Φ2) under the 221 gauge group G ,
V (Φ1,Φ2) =
1
2
λ1
[
tr(Φ†1Φ1)−
f21
2
]2
+
1
2
λ2
[
tr(Φ†2Φ2)−
f22
2
]2
+λ12
[
tr(Φ†1Φ1)−
f21
2
] [
tr(Φ†2Φ2)−
f22
2
]
. (2.3)
Unlike the 3-site model [9], we construct Φ1 and Φ2 in the linear realization with physical Higgs
bosons. Hence, our 221 model is renormalizable and provides an effective UV completion of
the 3-site model. Here we use the matrix representation for the Higgs fields,
Φj =
1
2
(
fj + hj + iτ
aπaj
)
, (2.4)
with the Pauli matrices τa and two Higgs VEVs fj ∈ (f1, f2) . In this representation, the
covariant derivatives of Φj are given by
DµΦ1 = ∂µΦ1 + ig0
τa
2
W a0µΦ1 − ig1Φ1
τa
2
W a1µ , (2.5a)
DµΦ2 = ∂µΦ2 + ig1
τa
2
W a1µΦ2 − ig2Φ2
τ3
2
B2µ . (2.5b)
Besides of the SM gauge boson (W, Z, γ), there are three new gauge bosons (W ′, Z ′) in
the gauge sector. Under the gauge symmetry breaking (2.1), all massive gauge bosons acquire
their masses as follows,
m2W =
1
4
g20f
2
2
1+r2
[
1− x
2
(1+r2)2
+O(x4)
]
, (2.6a)
m2Z =
1
4c2
g20f
2
2
1+r2
[
1− (c
2 − r2s2)2x2
c2(1+r2)2
+O(x4)
]
, (2.6b)
M2W ′ =
1
4
g21f
2
1 (1+r
2)
[
1 +
x2
(1+r2)2
+O(x4)
]
, (2.6c)
M2Z′ =
1
4
g21f
2
1 (1+r
2)
[
1 +
1 + r4(s2/c2)
(1+r2)2
x2 +O(x4)
]
, (2.6d)
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where x2 ≡ g20/g21 ≪ 1 is a small parameter under g21 ≫ g20 , g22 , and r ≡ f2/f1 is the
VEV ratio. In (2.6b) and (2.6d), we have adopted the notation, (c, s) ≡ (cos θ, sin θ) , with
s/c ≡ g2/g0 . From (2.6a) and (2.6c), we can reexpress the small expansion parameter x as,
x =
1+r2
r
mW
MW ′
[
1 +
m2W
r2M2W ′
+O
(
m4W
M4W ′
)]
. (2.7)
The formulae given in this subsection hold for general VEVs (f1, f2), which extend the gauge-
sector results of the 3-site model under f1 = f2 [9]. We note that the W
′ and Z ′ are nearly
degenerate and their masses differ only at the O(x2). The two Higgs VEVs (f1, f2) are
connected to the Fermi constant GF via
1
f21
+
1
f22
=
1
v2
, (2.8)
where
v2 = v20
[
1− 2r
2
(1 + r2)2
x2 +
(3 + r2)r2
(1 + r2)4
x4 +O(x6)
]
, (2.9)
and v20 ≡ (
√
2GF )
−1 [9]. Thus, we have f2 = v
√
1+r2 . So, from the formulae (2.6a)-
(2.6b), it is clear that under g21 ≫ g20 , g22 , we can approximately identify g0 and g2 as the
SM electroweak gauge couplings. It can be further shown that the angle θ = arctan(g2/g0)
approximates the Weinberg angle θW of the SM up to O(x2) corrections. In addition, the
mass-eigenstates are related to the gauge eigenstates as follows,
Wµ ≃ W±0µ +
x
1 + r2
W±1µ , (2.10a)
W ′µ ≃ W±1µ −
x
1 + r2
W±0µ , (2.10b)
Zµ ≃
(
cW 30µ − sB2µ
)
+ x
c2−s2r2
c(1 + r2)
W 31µ , (2.10c)
Z ′µ ≃ W 31µ −
x
1 + r2
W 30µ − x
sr2
1 + r2
B2µ , (2.10d)
with O(x3) corrections neglected. The massless photon field is exactly expressed as,
Aµ =
e
g0
W 30µ +
e
g1
W 31µ +
e
g2
B2µ , (2.11)
where the QED gauge coupling e of the unbroken U(1)em is inferred from the gauge couplings
of the group G ,
1
e2
=
1
g20
+
1
g21
+
1
g22
. (2.12)
From the expressions (2.10a)-(2.10d), we see that W a0µ and B2µ are approximately the gauge
bosons of the SM gauge group SU(2)L ×U(1)Y, while W a1µ are mainly the new gauge bosons
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W ′aµ . Due to the mixing between the lighter and heavier gauge bosons, the WWZ coupling
becomes different from the SM value. The LEP-II limit on this coupling translates into a
lower bound on the W ′ mass, around 300GeV [9, 10].
2.2 Higgs Sector of the Model
Minimizing the Higgs potential (2.3), we find that 〈Φ1〉 = 12f1 I2×2 and 〈Φ2〉 = 12f2 I2×2 ,
under the following conditions,
λ1, λ2 > 0 , λ1λ2 6= λ212 . (2.13)
After spontaneous symmetry breaking, six would-be Nambu-Goldstones (πa1 , π
a
2) are eaten
by the gauge bosons (W a1 , W
a
2 ) which compose the longitudinal components of the lighter
mass-eigenstates (W, Z) and the heavier ones (W ′, Z ′). Only two physical CP-even neutral
scalars (h1, h2) survive. This is very different from the conventional two-Higgs-doublet model
which contains five physical Higgs states. The mass matrix for the CP-even states (h1, h2)
can be generally expressed as,
− 1
2
(
h1 h2
)( λ1f21 λ12f1f2
λ12f1f2 λ2f
2
2
)(
h1
h2
)
, (2.14)
which is diagonalized by the orthogonal transformation,(
cα −sα
sα cα
)(
λ1f
2
1 λ12f1f2
λ12f1f2 λ2f
2
2
)(
cα sα
−sα cα
)
=
(
M2h 0
0 M2H
)
, (2.15)
where mass-eigenstates (h, H) are connected to the gauge-eigenstates (h1, h2) via(
h
H
)
=
(
cα − sα
sα cα
)(
h1
h2
)
. (2.16)
Thus we can derive the mass-eigenvalues M2h,H and the mixing angle α ,
M2h,H =
1
2
[
(λ1f
2
1 + λ2f
2
2 )∓
√
(λ1f21 − λ2f22 )2 + 4λ212f21 f22
]
, (2.17a)
sin 2α =
2λ12√
(λ1r
−1 − λ2r)2 + 4λ212
, (2.17b)
where r = f2/f1 is the VEV ratio introduced earlier. In (2.17a), the positivity condition of
the lighter Higgs mass M2h > 0 further requires,
λ1λ2 > λ
2
12 . (2.18)
which also holds the second inequality of (2.13). We note that the conditions (2.13) and
(2.18) ensure the tree-level vacuum stability of the Higgs potential.
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Finally, inspecting Eq. (2.3) we see that the Higgs potential contains five parameters in
all, namely, (λ1, λ2, λ12) and (f1, f2) . Imposing the new LHC data of Mh ≃ 125GeV
[3, 4] and the VEV condition (2.8) with the Fermi constant GF , we are left with three input
parameters of (MH , α, r). Here the VEV ratio r = 1 is the default of the 3-site model [9]
for collective symmetry breaking. In the current study, we also set r = 1 as our default,
but we will further explore wider parameter space with r = O(1) . Hence, from the VEV
condition (2.8) with GF , and given the ratio r and the lighter Higgs mass Mh ≃ 125GeV
[3, 4], we only have two free parameters in the Higgs sector, which can be expressed as the
Higgs mixing angle α and the heavier Higgs mass MH . In the gauge sector, the three gauge
couplings (g0, g1, g2) can be fixed by inputting the fine-structure constant αem = e
2/4π via
(2.12) together with the gauge boson masses (mW , M
′
W ) via (2.6), i.e., (αem, mW , M
′
W ), or
equivalently, (αem, mZ , M
′
W ).
In the following sections, we will perform the LHC analyses based on the two major
input parameters (α, MH). The other secondary input parameters include the VEV ratio
r = O(1) , the heavier gauge boson mass M ′W & 300GeV, and the heavier fermion mass
MF & 1.8TeV, as will be summarized in Eq. (2.23). We will first identify the proper parameter
range of the Higgs mixing angle α which gives rise to the observed γγ signals of the light
Higgs boson h around 125GeV. Then, we further predict the signals for the heavier Higgs
boson H via WW and ZZ channels over the wide mass-ranges of MH = 130 − 600GeV, as
a new physics discriminator from the SM.
2.3 Fermion Sector of the Model
The fermion sector contains the left-handed Weyl fermions Ψ0L, the right-handed Weyl
fermions Ψ2R = (Ψ
u
2R,Ψ
d
2R), and the vector-like fermions Ψ1 = (Ψ1L,Ψ1R). Same as the
3-site model [9], these vector-like fermions Ψ1 are necessary for the ideal delocalization con-
dition and providing compatible results for the precision electroweak measurement [14]. In
addition, the vector-like fermions Ψ1 can naturally have gauge-invariant renormalizable mass-
term. The representations for fermions are summarized in Table 1.
With these, we can write down the Higgs Yukawa interactions and fermion mass-terms
in this model,
LY = −
∑
i,j
[
y1ijΨ
i
0LΦ1Ψ
j
1R +Ψ
i
1LΦ2y2ijΨ
j
2R +Ψ
i
1LMijΨ
j
1R + h.c.
]
, (2.19)
where i, j = 1, 2, 3 are the generational indices. Mij represents a Dirac mass matrix, and
y2ij = diag
(
yu2 , y
d
2
)
ij
. In general, y1ij and Mij are not flavor-blind. For consistency with
the FCNC constraints on the off-diagonal components of y1ij and Mij [21], we will set y1ij
and Mij to be flavor-diagonal, i.e., y1ij = y1δij and Mij = MF δij . With this, all flavor
structures in this model are embedded in y2u and y2d. We also consider MF ≫ y1f1 and
MF ≫ (yu2 , yd2)f2 . This makes the non-SM fermion masses much heavier than the SM
fermion masses, and makes Ψ0L and Ψ2R approximately behave like the SM fermions. It is
– 9 –
Table 1. Assignments for fermions under the gauge group of the present model. In the fourth and fifth
columns, the U(1)2 charges and SU(3)c representations are shown for the quarks (without parentheses)
and leptons (in parentheses), respectively.
Fermions SU(2)0 SU(2)1 U(1)2 SU(3)c
Ψ0L 2 1
1
6
(−12) 3 (1)
Ψ1L 1 2
1
6
(−12) 3 (1)
Ψ1R 1 2
1
6
(−12) 3 (1)
Ψu2R 1 1
2
3 (0) 3 (1)
Ψd2R 1 1 −13 (−1) 3 (1)
also consistent with the fact SU(2)0 × U(1)2 ≈ SU(2)L × U(1)Y , as we commented earlier.
For simplicity, we will take the same MF and y1 values in both quark and lepton sectors for
the present study. The mass-eigenstates for the quark sector are expressed as, up to O(ǫ2L, ǫ2R)
corrections,
qL ≃ −Ψ0L + ǫLΨ1L , qR ≃ −ǫRΨ1R +Ψ2R , (2.20a)
QL ≃ −ǫLΨ0L −Ψ1L , QR ≃ Ψ1R + ǫRΨ2R , (2.20b)
where qL,R denote the SM quarks, and QL,R represent the corresponding heavy fermions.
The relations for lepton sector are expressed in a similar manner. Eq. (2.20) contains two
small parameters, ǫL = y1f1/(2MF ) ≪ 1, and ǫR = y2f2/(2MF ) ≪ 1 . It is clear that
ΨL0 and ΨR2 are approximately the SM fermions. Up to O(ǫ2L) and O(ǫ2R) corrections, the
mass-eigenvalues for the SM fermions and the heavy fermions are given by,
mq ≃ ǫLǫRMF , MQ ≃ MF . (2.21)
The light fermion mass-term is proportional to ǫR , or y2 , which has all flavor structures and
mass hierarchies embedded.
The couplings between the SM gauge boson and the SM fermions, such as gZfLfL , are
different from those in the SM due to the mixing among the SM particles and extra heavy
particles. This leads to nonzero electroweak parameter S [22] at the tree-level. Such contri-
butions to the S parameter can be reduced to zero by adjusting ǫL as follows [9],
ǫL =
mW
MW ′
(
1 + r−2
) 1
2
[
1 +O(x2)] , (2.22)
via the ideal delocalization [14]3, where r ≡ f2/f1 . To keep ǫL small, it is necessary to control
the ratio f2/f1. For the phenomenological analyses, we will take the natural parameter range,
3It is also possible to make S small enough by considering large W ′ mass of O(1) TeV or above. We do not
pursue this possibility for the current construction.
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1
2 . f2/f1 . 2 . The heavy fermion mass-parameter MF is constrained by the T parameter,
which gives a lower limit, MF > 1.8TeV [9, 21].
As a summary of the model setup, we list the parameter sets and the relevant ranges
consistent with the low energy precision constraints,
1
2
. f2/f1 . 2 , α ∈ [0, π) ,
MF & 1.8TeV , MW′ & 300GeV . (2.23)
As we will demonstrate in the next two sections, the predictions of Higgs signal are mostly
sensitive to the mixing angle α . The other model parameters varying within the ranges of
(2.23) only yield sub-leading contributions.
2.4 Couplings of Higgs Bosons, Gauge Bosons and Fermions
In this subsection, we present the Higgs boson couplings with gauge bosons and fermions, as
well as the gauge boson couplings with fermions. These will be needed for our analyses of
Higgs productions and decays in the next two sections.
2.4.1 Gauge and Yukawa Couplings of Higgs Bosons
We analyze the gauge and Yukawa couplings of the CP-even Higgs bosons h0 and H0 ,
respectively. For the light weak gauge bosons V (= W,Z), the triple Higgs-gauge couplings
GhV V and GHV V take the following forms up to O(x2) corrections,
GhV V = G
SM
hV V ξhV V , GHV V = G
SM
hV V ξHV V , (2.24a)
ξhWW =
r3cα − sα
(1 + r2)3/2
+
r2[−3sα + (r3 − 2r)cα]
(1 + r2)7/2
x2 , (2.24b)
ξhZZ =
r3cα−sα
(1+r2)3/2
+
r2[(−3+s2W (3+2r))sα + ((r3−2r)+s2W r(r2+2))cα]
c2W (1 + r
2)7/2
x2, (2.24c)
ξHWW =
r3sα + cα
(1 + r2)3/2
+
r2[3cα + (r
3 − 2r)sα]
(1 + r2)7/2
x2 , (2.24d)
ξHZZ =
r3sα+cα
(1+r2)3/2
+
r2[(3−s2W (3+2r))cα + ((r3−2r)+s2W r(r2+2))sα]
c2W (1 + r
2)7/2
x2, (2.24e)
with GSMhV V = 2M
2
V /v0 for V =W,Z .
An important feature of the Higgs-gauge-boson triple coupling GhV V is that it vanishes
when the Higgs mixing angle α takes a special value, tanα ≃ r3 , where r ≡ f2/f1 . In this
case, the light Higgs boson h becomes gaugephobic regarding its triple couplings. The corre-
sponding collider phenomenology of h0 would deviate from the SM Higgs boson substantially.
Similarly, for the special mixing angle tanα ≃ −1/r3 , the GHV V coupling vanishes, and thus
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H Higgs state becomes gaugephobic so long as the triple coupling is concerned. We note that
with the generic choices of two Higgs VEVs, r = f2/f1 ∼ O(1) , GhV V and GHV V couplings
are always smaller than GSMhV V for any mixing angle α .
The Yukawa couplings between the Higgs bosons and the SM fermions are also modified
relative to the SM values. We derive these couplings in following form up to O(ǫ2L) and O(ǫ2R)
corrections,
Ghff =
mf
v0
ξhff , GHff =
mf
v0
ξHff , (2.25a)
ξhff =
rcα − sα√
1 + r2
− r(rsα + cα)
(1 + r2)5/2
x2 +
sα
√
1 + r2
x2
m2f
M2F
, (2.25b)
ξHff =
rsα + cα√
1 + r2
− r(−rcα + sα)
(1 + r2)5/2
x2 − cα
√
1 + r2
x2
m2f
M2F
, (2.25c)
We see that the Yukawa couplings for both h0 and H0 are always smaller than the correspond-
ing SM Yukawa couplings, i.e., |ξhff | 6 1 and |ξHff | 6 1 . Moreover, the Yukawa couplings
ξhff or ξHff vanishes under the special value of mixing angle tanα = r or tanα = −1/r ,
and thus h or H becomes fermiophobic.
We also analyze the additional Higgs couplings with the new gauge bosons V ′(= W ′, Z ′)
and new fermions F . The new particles V ′ and F will appear in the loop-induced Higgs
boson productions and decays. At the leading order, we derive these additional new couplings
of the Higgs boson h0 as follows,
GhV V ′ =
2mVMV ′
v0
ξhV V ′ , ξhV V ′ = −
r(sα+ rcα)
(1 + r2)3/2
, (2.26a)
GhV ′V ′ =
2M2V ′
v0
ξhV ′V ′ , ξhV ′V ′ =
r(cα− rsα)
(1 + r2)3/2
, (2.26b)
Ghf¯
L
FR
=
MF
v0
ξhf¯
L
F
R
, ξhf¯
L
F
R
=
cαr
1+r2
x , (2.26c)
GhF¯
L
f
R
=
mf
v0
ξhF¯
L
f
R
, ξhF¯
L
f
R
=
sα
x
, (2.26d)
GhF¯
L
F
R
=
MF
v0
ξhFF , ξhFF =
cαrx
2
(1+r2)3/2
− sα
√
1+r2
x2
m2f
M2F
, (2.26e)
where MF denote the heavy fermion masses. Due to the ideal delocalization result (2.22),
the Higgs couplings to the new heavy fermions depend on the gauge boson masses. These
couplings enter the loop-induced processes for the Higgs boson productions and decays, and
their effects will be taken into account in the following numerical analysis.
In parallel, we derive couplings of the heavier Higgs boson H0 with new gauge bosons V ′
and new fermions F , which are obtained by making the replacement of (cα, sα)→ (sα, −cα) ,
GHV V ′ =
2mVMV ′
v0
ξHV V ′ , ξHV V ′ = −
r(rsα − cα)
(1 + r2)3/2
, (2.27a)
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GHV ′V ′ =
2M2V ′
v0
ξHV ′V ′ , ξHV ′V ′ =
r(sα + rcα)
(1 + r2)3/2
, (2.27b)
GHf¯
L
FR
=
MF
v0
ξHf¯
L
F
R
, ξHf¯
L
F
R
=
sαr
1+r2
x , (2.27c)
GHF¯
L
f
R
=
mf
v0
ξHF¯
L
f
R
, ξHF¯
L
f
R
= − cα
x
, (2.27d)
GHF¯
L
F
R
=
MF
v0
ξHFF , ξHFF =
sαrx
2
(1+r2)3/2
+
cα
√
1+r2
x2
m2f
M2F
. (2.27e)
2.4.2 Gauge Boson Self-Couplings and Gauge-Fermion Couplings
Besides the above gauge and Yukawa couplings with Higgs bosons, some of the gauge boson
self-couplings and gauge-fermion couplings invoke both the SM fields and the extra heavy
states. They will contribute to the unitarity sum rules (Sec. 2.5) and the loop-induced Higgs
decay channels (Appendix).
We first summarize the cubic gauge couplings of V V V ′ and V V ′V ′ with extra V ′ (=
W ′, Z ′) gauge bosons up to the O(x2) corrections,
GWWγ = GW ′W ′γ = e , GWW ′γ = 0 , (2.28a)
GWWZ′ = − e
sW
r2 x
(1+r2)2
, GWW ′Z =
e
sW cW
r2 x
(1+r2)2
, (2.28b)
GWW ′Z′ =
e
sW
1
1+r2
, GW ′W ′Z =
e
sW cW
c2W−s2W r2
1+r2
. (2.28c)
For quartic gauge couplings, we include both V V V V couplings and those involving the
γγ or Zγ , as relevant to our phenomenological analysis,
GWWWW =
e2
s2W
[
1− 1− 2r
2
(1 + r2)2
x2
]
, GWWZZ =
e2
s2W
[
c2W −
c2W − 2r2
(1 + r2)2
x2
]
, (2.29a)
GWWγγ = GW ′W ′γγ = e
2 , GWW ′γγ = 0 , (2.29b)
GWWZγ = eGWWZ , GWW ′Zγ = eGWW ′Z , GW ′W ′Zγ = eGW ′W ′Z . (2.29c)
Finally, we derive all relevant couplings of the light weak gauge bosons W or Z with the
fermions. For the W couplings to the fermion pairs, we have,
GWf¯ ′LfL =
e
sW
, (2.30a)
GWF¯LfL = GWf¯LFL =
e
sW
r2
(1 + r2)3/2
x , (2.30b)
GWFLFL =
e
sW
1
1 + r2
, (2.30c)
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GWf¯RfR =
e
sW
mumd
M2F
1
x2
, (2.30d)
GWURdR =
e
sW
1
(1 + r2)1/2
md
MF
1
x
, (2.30e)
GWuRDR =
e
sW
1
(1 + r2)1/2
mu
MF
1
x
, (2.30f)
GWFRFR =
e
sW
1
1 + r2
. (2.30g)
Then, we present the fermion couplings with weak gauge boson Z , which are also relevant
for the decay analysis of h0 → Zγ ,
GZf¯
L
f
L
=
e
sW cW
(
T3f −Qfs2W
)
, (2.31a)
GZf¯RfR =
e
sW cW
(T3f
x2
m2f
M2F
−Qfs2W
)
, (2.31b)
GZF¯
L
F
L
= GZF¯
R
F
R
=
e
sW cW
( T3f
1 + r2
−Qfs2W
)
, (2.31c)
GZF¯
L
f
L
= GZf¯
L
F
L
=
e
sW cW
T3f r
2 x
(1+r2)3/2
, (2.31d)
GZF¯
R
f
R
= GZf¯
R
F
R
=
e
sW cW
T3f r
(1+r2)1/2 x
mf
MF
, (2.31e)
where T3f = ±12 are isospins for the up-type and down-type fermions, respectively.
2.5 Unitarity: Roles of Spin-1 Gauge Bosons versus Spin-0 Higgs Bosons
In the conventional SM, a single physical Higgs boson plays the key role to ensure exact
E2 cancellation in the amplitudes of longitudinal weak boson scattering VLVL → VLVL at
high energies [23]. The present 221 model has two spin-0 neutral Higgs bosons (h0, H0)
and three new spin-1 gauge bosons (W ′, Z ′), which will cooperate together to ensure the
exact E2 cancellation in the VLVL scattering, so long as the masses of h
0/H0 and W ′/Z ′
are below about 1TeV. Hence, it differs from either the conventional SM, or the 5d Higgsless
models [24] in which the extra longitudinal Kaluza-Klein (KK) gauge bosons alone ensure the
E2 cancellation [25].4 We will show that even for the special parameter choice of tanα = r3
(which corresponds to vanishing hV V coupling and thus a gaugephobic Higgs boson h0 ),
the perturbative unitarity is preserved by the heavier Higgs boson H0 together with W ′/Z ′ .
This conceptually differs from the conventional two-Higgs-doublet models under the SM gauge
group as there is no extra gauge bosons W ′/Z ′ to participate in the E2 cancellation and
4It also differs from the recent unitarization proposal [26] via spontaneous dimensional reduction (SDR),
where the VLVL scattering cross sections get unitarized through the reduced phase-space under SDR at high
energies.
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unitarity; it also differs from all other extra SU(2) models in the literature [17–20] with a
large splitting between the two Higgs VEVs which make theW ′/Z ′ masses significantly above
1TeV and thus irrelevant to the unitarization of VLVL scattering.
We analyze the perturbative unitarity of the 221 model in this subsection. For the
purpose of unitarity analysis, it is sufficient to set the U(1)2 gauge coupling g2 = 0 , so there
is no photon-related mixings. We perform a unitary gauge computation of the VLVL → VLVL
amplitude in the present model. Requiring the E2 cancellation, we derive the following sum
rule on the quartic couplings (GV V V V ) and triple couplings (GV V V , GV ′V V , GhV V , GHV V ),
GV V V V −
3
4
G2V V V =
3
4
M2V ′
m2V
G2V ′V V +
G2hV V +G
2
HV V
4m2V
, (2.32)
where V =W,Z. This sum rule can be readily extended to more general cases with multiple
new gauge bosons Vn(= V
′, V ′′, V ′′′, · · · ) and multiple Higgs bosons Hn(= h,H,H ′,H ′′, · · · ).
Thus, the two terms on the right-hand side (RHS) of (2.32) will be replaced by the sums over
Vn and Hn in general,
GV V V V −
3
4
G2V V V =
∑
n
3
4
M2Vn
m2V
G2V V Vn +
∑
n
G2V V Hn
4m2V
. (2.33)
Let us inspect the sum rule (2.32) further. The left-hand side (LHS) of (2.32) is the
coefficient of the non-canceled E2 terms of the VL-amplitude from the pure Yang-Mills gauge-
interactions involving only the light gauge bosons W/Z; while the first term on the RHS of
(2.32) is the coefficient of the contributions given by the V ′-exchanges (V ′ =W ′, Z ′), and the
second term on the RHS comes from the (h,H) Higgs-exchanges. The net coefficient of the E2
term equals the difference between the two sides of (2.32). Hence, the exact E2 cancellation
is ensured by holding the rum rule (2.32). It is now evident that the 221 model achieves the
exact E2 cancellation by the joint role of exchanging both spin-1 new gauge bosons and spin-0
Higgs bosons. Hence, this joint unitarization mechanism differs from either the conventional
unitarization of the SM (with Higgs-exchange alone) or the 5d Higgsless unitarization (with
exchanges of W ′/Z ′-like gauge KK-modes alone).
We have explicitly verified the validity of (2.32) in this model. Due to the Higgs boson
mass-diagonalization and rotation in (2.16)-(2.17), we note that the Higgs mass-eigenstate
couplings GhV V and GHV V in (2.32) are connected to their corresponding weak-eigenstate
couplings Gh
1
V V and Gh
2
V V ,
GhV V = cαGh
1
V V − sαGh
2
V V , (2.34a)
GHV V = sαGh
1
V V + cαGh
2
V V , (2.34b)
where the weak-eigenstate couplings Gh
1
V V and Gh
2
V V are independent of the Higgs mixing
angle α . From (2.34), we readily deduce the sum of two squared Higgs couplings in the last
term of (2.32),
G2hV V +G
2
HV V = G
2
h
1
V V +G
2
h
2
V V , (2.35)
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which does not depend on the mixing angle α . From the hV V and HV V couplings in (2.24),
we can explicitly compute the sum,
G2hV V +G
2
HV V
(GSMhV V )
2
= ξ2hV V + ξ
2
HV V =
1 + r6
(1 + r2)3
+
2r2(r4 − 3r2 + 3)
(1 + r2)4
x2 +O(x4) , (2.36)
which invokes only the VEV ratio r = f2/f1 and the gauge coupling ratio x = g0/g1 . This
means that for h0 in the gaugephobic limit ξhV V = 0 (under tanα = r
3 ), the role of the
Higgs-exchange in the unitarity sum rule (2.32) is played by the heavier Higgs boson H0
alone. Vice versa, for H0 in gaugephobic limit of ξHV V = 0 (under tanα = −1/r3 ), it is the
ligher Higgs boson h0 that plays the full role of the Higgs-exchange in the unitarity sum rule
(2.32).
For illustration, we explicitly analyze two longitudinal weak boson scattering processes,
namely, WLWL → 1√2ZLZL and WLZL → WLZL . The scattering amplitudes of these two
processes include the following types of contributions,
M(WLWL →
1√
2
ZLZL) = Mct +M(t)W/W ′ +M
(u)
W/W ′ +M
(s)
h/H , (2.37a)
M(WLZL → WLZL) = Mct +M(s)W/W ′ +M
(t)
W/W ′ +M
(t)
h/H , (2.37b)
where Mct denotes the contact interaction amplitude, and M(j)X stands for the exchange of
particle X via j-channel (j = s, t, u). In the above, the W ′-exchange enters the t/u-channel
(s/t-channel) of the first (second) process and the (h,H)-exchanges appear in the s-channel
(t-channel) of the first (second) process. The corresponding s-wave amplitudes are computed
from,
a0(s) =
1
32π
∫ 1
−1
d(cos θ)M(s, θ) , (2.38)
where
√
s is the scattering energy in the center-of-mass frame and θ is the scattering angle.
In Fig. 1, we plot the s-wave amplitude a0(WLWL → 1√2ZLZL) as a function of scattering
energy
√
s . In plot-(a), we separately display the individual contributions from the pure
Yang-Mills (YM) in purple curve (including contact terms plus theW -exchange contribution),
the W ′-exchange (blue curve), the h/H-exchanges (green curve), and the total sum of all
three types of contributions (red curve, marked by YM+W ′+Higgs). We note that both YM
and W ′-exchange contributions contain E4 and E2 terms in their amplitudes, where the E4
terms exactly cancel between them at high energies. Thus the summation of the YM andW ′-
exchange given by the black curve (marked by YM+W ′) contains only the remaining E2 term
in the gauge part, which is negative and will cancel against the E2 term of Higgs-exchange
amplitude (green curve). Hence, we find that the sum of all three types of contributions (given
by red curve and marked by YM+W ′+Higgs), behaves like O(E0) in high energy, as required
by the unitarity of this renormalizable 221 model. In this plot, we compute each individual
contribution from the corresponding part in Re(a0) , and only the total sum (red curve) is
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Figure 1. The s-wave amplitude a0(WLWL → 1√2ZLZL) as a function of scattering energy
√
s . In
each plot, we have separately plotted the individual contributions from the pure Yang-Mills (YM) in
purple curves (including contact terms plus W -exchange), the W ′-exchange (blue curve), the h/H-
exchanges (green curve), and the total sum of all three types of contributions (red curve, marked
by YM+W ′+Higgs). The sum of all gauge contributions is shown by the black curve (marked by
YM+W ′). The curves for individual contributions are computed from the corresponding parts in
Re(a0) , and only the total sum (red curve) is given in terms of |a0| . Furthermore, in plot-(b)
we only show the separate Yang-Mills and W ′-exchange contributions for E2 (and subleading) terms,
with the asymptotic E4 terms subtracted out, which are marked by YM(E2) andW ′(E2), respectively.
Both plots have the parameter inputs, f1 = f2 , (Mh, MH) = (125, 400)GeV, MW ′ = 500GeV, and
MF = 2.5TeV.
given in terms of |a0| . For Fig. 1(b), the notations are the same as plot-(a), except that we
only show the separate Yang-Mills and W ′-exchange contributions for E2 (and subleading)
terms, where we have subtracted out the asymptotic E4 terms. These two contributions
are marked by YM(E2) and W ′(E2), respectively. From this plot, we see that the W ′(E2)
contribution is positive (blue curve) and much larger than the positive contribution of Higgs-
exchanges (green curve) which is at most of O(E2) . The sum of Yang-Mills andW ′-exchange
(shown in black curve) is negative and its magnitude is larger than Higgs-exchange amplitude
(due to the non-E2 subleading terms). Hence, after the E2 cancellation between YM+W ′
and Higgs contributions, the final total amplitude of YM+W ′+Higgs (red curve) comes from
the remaining non-E2 subleading terms in YM+W ′ contributions. In both plots, the total
s-wave amplitude |a0| is the same, shown as red curves, where the s-channel resonance of the
heavier Higgs boson H0 (with a 400GeV mass) explicitly shows up. In Fig. 1(a)-(b), we have
set the inputs, f1 = f2 , (Mh, MH) = (125, 400) GeV, MW ′ = 500GeV, and MF = 2.5TeV.
In Fig. 2, we further analyze the longitudinal scattering process of WLZL → WLZL ,
where both s-wave and p-wave amplitudes are shown as functions of the scattering energy
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Figure 2. The s-wave amplitudes [plot-(a)] and the p-wave amplitudes [plot-(b)] for WLZL → WLZL
scattering as functions of the scattering energy
√
s . In each panel, we have separately plotted the
individual contributions from the pure Yang-Mills (YM) in purple curves (including contact terms
plus W -exchange), the W ′-exchange (blue curve), the h/H-exchanges (green curve), and the total
sum of all three types of contributions (red curve, marked by YM+W ′+Higgs). The sum of all
gauge contributions is shown by the black curve (marked by YM+W ′). The curves for individual
contributions are computed from the corresponding parts in Re(a0) . The total sum (red curve) in
plot-(a) is given in terms of Re(a0) , but in plot-(b) is computed for |a0| . The parameter inputs are,
f1 = f2 , (Mh, MH) = (125, 400) GeV, MW ′ = 500GeV, and MF = 2.5TeV.
√
s in plot-(a) and plot-(b), respectively. In both plots, we show the individual contributions
from the Yang-Mills interactions (including contact terms plus W -exchange, marked by YM
in purple curve), the W ′-exchange (marked by W ′ in blue curve) and the Higgs-exchanges
(marked by Higgs in green curve). The sum of YM andW -exchange contributions is depicted
by the black curve (marked by YM+W ′), where the E4 terms are exactly canceled out between
them, and only the E2 (and subleading) terms are contained in the black curve. Then, we
see that the two E2 contributions in the negative YM+W ′ amplitude (black curve) and
positive Higgs amplitude (green curve) cancel each other exactly at high energies, while the
remaining terms have the asymptotic behavior of O(E0) , as shown in the red curve (marked
by YM+W ′+Higgs), which is negative since it is dominated by the YM+W ′ contribution.
Here all curves (including the red curve) are computed from the corresponding parts of the real
s-wave amplitude Re(a0) . We choose the same parameter inputs of VEVs, Higgs masses, W
′
mass and heavy fermion masses as in Fig. 1. For Fig. 2(b), we compute the p-wave amplitude,
a1(s) =
1
32π
∫ 1
−1
d(cos θ) cos θM(s, θ) , (2.39)
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for the same process WLZL → WLZL . Here all the notations and inputs are the same as
those in Fig. 1(b), expect that we are computing the p-wave for WLZL →WLZL scattering.
Different from Fig. 2(a) and Fig. 1 for the s-wave amplitudes, we see from Fig. 2(b) that the
Higgs-exchange amplitude becomes negative and the YM+W ′ contribution is postive; and
they cancel each other for the asymptotic E2 terms. In consequence, the total sum of the
p-wave amplitude is shown in the red curve (marked by YM+W ′+Higgs), which has good
high energy behavior of O(E0) . In the plot-(b), we find that the s-channel spin-1 resonance
of W ′ gauge boson shows up in the p-wave amplitude at 500GeV, as expected.
Next, we analyze the unitarity bound on the heavy Higgs mass. In the above we have
demonstrated how the E4 and E2 terms are separately canceled out in the longitudinal
scattering amplitudes at high energies, and the crucial role played by the W ′/Z ′-exchanges
and Higgs-exchanges together in the E2 cancellation to ensure the unitarity of the model.
The remaining terms in the scattering amplitudes are of O(E0) and are dominated by the
Higgs self-couplings related to the Higgs boson masses. Given the light Higgs boson mass
of Mh = 125GeV as observed by the LHC [3, 4], we can further derive an upper bound on
the mass of heavier Higgs state H0 . For this purpose, it is extremely convenient to use the
equivalence theorem and analyze the corresponding Goldstone boson scattering amplitudes
at high energies. Here the external in/out states (either gauge bosons or Goldstone bosons)
can be treated as massless, and only the quartic contact interactions among the Goldstone
and Higgs bosons can contribute to the leading scattering amplitudes at O(E0) . This means
to take the limit g0, g2 ≃ 0 . We also note that the other gauge coupling g1 of SU(2)1 may be
sizable since (W ′, Z ′) gauge bosons are relatively heavy. Thus, the scattering amplitudes via
the (W ′, Z ′)-exchanges may be comparable to the contact interactions. In the following, we
shall estimate the unitarity bounds on the mass of the heavier Higgs state H0 both without
and with the (W ′, Z ′) contributions.
We note that the Higgs potential (2.3) enjoys a global O(4) ⊗ O(4) symmetry, under
which two Higgs doublets Φ1 and Φ2 transform as (4, 1) and (1, 4), respectively. Hence
we perform the coupled channel analysis by defining the normalized singlet two-body states
under O(4)⊗O(4) ,
|Xj〉 =
1√
8
(
|hjhj〉+ |~π2j 〉
)
, (2.40)
where j = 1, 2 . Thus, we compute the coupled-channel scattering amplitudes of |Xj〉 →
|Xj′〉 in terms of the 2× 2 matrix,
T =
( 〈X1|T |X1〉 〈X1|T |X2〉
〈X2|T |X1〉 〈X2|T |X2〉
)
, (2.41)
where we derive the O(E0) leading contributions to its elements as follows,
〈Xj |T |Xj〉 = −3λj , 〈X1|T |X2〉 = 〈X2|T |X1〉 = −2λ12 . (2.42)
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Figure 3. Unitarity bound on the heavier Higgs boson mass MH as a function of the Higgs mixing
angle α . We present the uniarity bounds by taking the contact-term contributions alone in plot-(a),
and by including both contact-term and W ′/Z ′-exchanges in plot-(b) for three inputs of MW ′ . The
yellow region in plot-(a) is excluded, while in plot-(b) the region above each curve is excluded for the
given input ofMW ′ . In both plots, we set the lighter Higgs boson mass Mh = 125GeV and the Higgs
VEV ratio r = 1 .
Diagonalizing the matrix (2.41), we derive the maximal eigenvalue for the corresponding
s-wave amplitude from the scalar contact interactions,
amax0 [contact] = −
1
32π
[
3(λ1 + λ2) +
√
9(λ1 − λ2)2 + 16λ212
]
, (2.43)
which is a function of the three quartic Higgs self-couplings (λ1 , λ2 , λ12) , which is expected to
give the best bound on the Higgs mass under the s-wave unitarity condition, |Re amax0 | < 12 .
As we noted in Sec. 2.2, fixing the two VEVs, the three Higgs self-couplings (λ1 , λ2 , λ12)
can be equivalently expressed in terms of the two Higgs masses and one mixing angle,
(Mh, MH , α). Hence, inputting the observed lighter Higgs boson mass Mh = 125GeV and
Higgs VEV ratio r = 1, we can derive the upper bound on the heavier Higgs boson mass
MH as a function of the Higgs mixing angle α . We present our findings in Fig. 3(a). We
see that to respect the unitarity over the full range of mixing angle α imposes the following
bound on the mass of the Higgs boson H0,
MH 6 1.0TeV . (2.44)
Furthermore, Fig. 3(a) shows that this unitarity limit could become weaker for some ranges
of α , but we find that the bound is only slightly weakened to MH 6 1.10TeV.
Including the W ′/Z ′-exchanges for the coupled channel amplitudes under the limit of
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g0, g2 ≃ 0, we extend the elements of the S-matrix (2.41) as follows,
〈Xj |T |Xj〉 = −3λj + (δa + δb) , (2.45a)
〈X1|T |X2〉 = 〈X2|T |X1〉 = −2λ12 + δa , (2.45b)
δa =
g21
8
s cos θ
s−M2W ′
, (2.45c)
δb =
g21
16
[
7(3 + cos θ)
(1− cos θ) + 2M2W ′/s
+
5(3− cos θ)
(1 + cos θ) + 2M2W ′/s
]
. (2.45d)
Accordingly, we find the modified maximal eigenvalue for the s-wave amplitude,
âmax0 = a
max
0 [contact] +
1
16π
∆ , (2.46a)
∆ =
3g21
4
[(
2 +
M2W ′
s
)
log
(
1 +
s
M2W ′
)
− 1
]
, (2.46b)
where amax0 [contact] is the contribution of contact terms as in (2.43), and the ∆ term arises
from the W ′/Z ′-exchanges. We note that the W ′/Z ′-exchanges partially cancel the contact
term contributions. Imposing the s-wave unitarity condition of |Re âmax0 | < 12 thus further
relaxes the MH upper bound as compared to the contact-terms alone in Fig. 3(a). This is
explicitly displayed in Fig. 3(b) with the center-of-mass energy being
√
s = 5TeV for three
sample inputs of MW ′ = (400, 600, 800)GeV and r = 1 . Accordingly, we infer the mass
bounds on the Higgs boson H0 over the full range of mixing angle α ,
MW ′ = 400GeV: MH 6 1.80TeV,
MW ′ = 600GeV: MH 6 2.26TeV, (2.47)
MW ′ = 800GeV: MH 6 2.69TeV.
3 LHC Signatures of the Lighter Higgs Boson h0
In this section, we study the production and decays of the light Higgs boson h0 at the LHC,
based upon its non-SM couplings presented in the previous section.
3.1 Decay Branching Fractions of h0
There are three types of the decay processes for the light Higgs boson h0 in the current 221
model. This includes: (i) decays into the SM fermions; (ii) decays into WW ∗ or ZZ∗; and
(iii) the loop-induced decays into γγ , γZ , or gg . Due to the non-SM couplings of h0 in
Sec. 2.4, the partial decay widths of h0 differ from the SM values [27] and are explicitly given
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Figure 4. Decay branching fractions of the light Higgs boson h0 over the mass-range 100 < Mh <
200GeV. We have input f1 = f2 and (MW ′ , MF ) = (0.6, 2.5)TeV. The Higgs mixing angle is taken
to be α = 0.8 π in plot-(a) and α = 0.2π in plot-(b), respectively.
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Figure 5. Total decay width of the light CP-even Higgs boson h0 with α = 0.8π (red), α = 0.6π
(green), α = 0 (blue) and α = 0.2π (grey), over the mass-range 100− 200GeV. For comparison, the
total width of the SM Higgs boson is depicted in the same mass-range (black curve). We set the other
inputs as, f1 = f2 and (MW ′ , MF ) = (0.6, 2.5)TeV.
in the AppendixA. In particular, the W ′-loop induced contributions can enhance the γγ and
Zγ partial widths over the proper parameter space of our model.5
From these, we compute the decay branching fractions of h0 into the SM final states. In
5Very recently, the W ′-loop contribution to the diphoton channel was also studied for different models [28];
and possible enhancements of the diphoton rate for some composite Higgs models and analysis of their pipi
scattering channels were discussed in [29].
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Fig. 4, we plot h0 branching ratios over the mass range of 100GeV < Mh < 200GeV. For
illustration, we take f1 = f2, MW ′ = 600GeV, and MF = 2.5TeV, with different values of
α = 0.2π and α = 0.8π, respectively. For comparison, we show the total decay widths for
our h0 Higgs boson and the SM Higgs boson in Fig. 5. For the lighter h0, we plot the total
width of h0 for four values of the mixing parameter α = 0 , 0.2π, 0.6π, 0.8π , respectively.
We see that for α = 0.8π and α = 0.6π, the total widths vary very little, while they both
become visibly smaller than the SM values for the Higgs mass above 120GeV. Besides, Fig. 5
shows that our h0 width with α = 0.2π is substantially lower than the SM. We have further
verified that the main features of Fig. 5 still remain by varying the inputs of the VEV ratio
f2/f1 and heavy masses (MW ′ , MF ) .
3.2 Signatures of h0 via Gluon Fusion
The gluon fusion process gives the dominant Higgs production mechanism at the LHC. It
is induced by colored particles at the loop-level. For the SM case, only the top-quark loop
contribution dominates. But for the present model, we have six extra vector-like heavy
partners of the SM quarks with masses > 1.8TeV, which will contribute to the gluon fusions
as well. The ratio of the gluon fusion cross sections between the 221 model and the SM is
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Figure 6. Contour plots of the gluon-fusion ratio Rggh in the parameter space of r versus α , with
light Higgs mass Mh = 125GeV. Different ranges of Rggh are represented by the colored bands:
Rggh < 0.1 (gray), 0.1 < Rggh < 0.5 (light-blue), 0.5 < Rggh < 1 (green), 1 < Rggh < 1.6 (1.3) (pink),
and Rggh > 1.6 (1.3) (red). We have input MW ′ = 400GeV for the left panel and MW ′ = 600GeV
for the right panel. The heavy fermion mass is set as MF = 2.5TeV for both panels. The maximal
enhancement factors are Rggh ≃ 1.7 (left panel) and Rggh ≃ 1.3 (right panel), respectively.
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Figure 7. Ratio Rggh of h0 production cross sections via gluon fusion process as a function of Higgs
mixing angle α . We identify the lighter Higgs mass Mh = 125GeV and set the heavy fermion mass
MF = 2.5TeV for both plots. The panels (a) and (b) have inputMW ′ = 400GeV andMW ′ = 600GeV,
respectively. We have varied the VEV ratio, r = (12 , 1, 2) , in each plot.
readily given by the ratio between the partial decay widths of h→ gg in Eq. (A.3),
Rggh ≡
σ[gg → h]
σ[gg → h]SM
=
Γ[h→ gg]
Γ[h→ gg]SM
. (3.1)
We analyze this ratio over the parameter space of (α, r), where α is the Higgs mixing angle
and the VEV ratio r = f2/f1 is shown for the range of r = (0.5, 2) = O(1) .
In Fig. 6, we present the contour plots of the gluon-fusion ratio Rggh over the parameter
space of (α, r). With the generic parameter inputs, we find that this ratio can be either
moderately enhanced or quite suppressed, which periodically depends on the Higgs boson
mixing angle α ∈ [0, π). Here for most choices of the mixing angle α, the gluon fusion
ratio Rggh is not so sensitive to the VEV ratio r since most Rggh contours in Fig. 6 are
approximately vertical bands. In Fig. 6, we see that the ratio Rggh reaches the peak values
for relatively large mixing angle α ≃ (0.6 − 0.9)π and smaller VEV ratio r . 2 , as marked
by the red regions in both plots. For these red regions of Fig. 6, we find that Rggh ≃ 1.6−1.8
in the left panel, and Rggh ≃ 1.3 in the right panel. In the following analyses, we will take
r = 12 , 2 as two sample inputs, and compare them with the r = 1 choice (with equal VEVs).
In Fig. 7(a)-(b), we further display the gluon-fusion ratio Rggh as a function of the Higgs
mixing angle α , for the parameter inputs Mh = 125GeV and MF = 2.5TeV. The plots (a)
and (b) have input MW ′ = 400GeV and MW ′ = 600GeV, respectively. In each panel, we
have varied the VEV ratio, r = (12 , 1, 2) . We see that these production cross sections can
be reasonably enhanced relative to the SM. They are highly correlated with the top-quark
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Yukawa coupling to the Higgs boson. The maximum values of the ratio Rggh reach around
α = (0.7 − 0.9)π , depending on the VEV ratio r. From (2.25), we see that Gt¯th ≈ GSMt¯th for
r = 1. This ratio Rggh may also vanish at some other points, around α = (0.2 − 0.35)π ,
where the top-quark Yukawa coupling Gt¯th becomes nearly vanishing. Comparing the two
plots of Fig. 7, we see that Rggh gets reduced as MW ′ becomes larger. This is a consequence
from the suppression of heavy fermion Yukawa coupling, ξhFF = O(m2W /M2W ′) . In each plot,
we also show the effects of different VEV ratios around r = O(1) , which are consistent with
the contours in Fig. 6.
Next, we study the LHC signals of light Higgs boson h0 via the most sensitive channels
(γγ, WW ∗, ZZ∗). The signals is determined by the product of production cross section and
decay branching fraction. It is convenient to analyze signal ratios between our prediction and
the SM expectation,
RXX ≡
σ[gg → h]× Br[h→ XX]
σ[gg → h]SM × Br[h→ XX]SM
. (3.2)
In Fig. 8, for the light Higgs boson h0 with mass Mh = 125GeV, we plot each ratio of
(Rγγ , RWW , RZZ) as a function of Higgs mixing angle α . The input parameters are set to
be, MW ′ = 400GeV (600GeV), and M = 2.5TeV for the plot-(a) [plot-(b)]. In both plots,
we have displayed the measured (γγ, WW, ZZ) rates by the ATLAS and CMS experiments
[3, 4], with central values plus the ±1σ error bars. These are shown by the vertical gray lines,
marked with (γγA, ZZA, WWA) and (γγC , ZZC ,WWC). Here the subscripts “A” and “C”
denote the ATLAS and CMS data respectively, which do not depend on α in the horizontal
direction.
The predicted h0 → γγ signals can be larger than the SM Higgs boson with the same
mass Mh = 125GeV, depending on the mixing angle α . For MW ′ = 400GeV, Fig. 8(a)
shows that Rγγ > 1 holds for 0.60π < α < 0.97π . For MW ′ = 600GeV, Fig. 8(b) shows
that Rγγ > 1 holds for 0.65π < α < 0.9π . We see that for the γγ channel, the maximal
enhancement Rγγ = 1.4 for MW ′ = 400GeV, and becomes Rγγ = 1.2 for MW ′ = 600GeV.
They are both consistent with the current LHC data as shown in Fig. 8. The upcoming
data from the LHC (8TeV) and the next phase of LHC (14TeV) will further discriminate this
non-standard Higgs boson h0 from the SM.
We also note that the Zγ signals are generally suppressed relative to the di-photon
channel, which are reduced by the phase space suppression. The Zγ signals also become
smaller for heavier W ′. This can be seen from inspecting the form factors in (A.10e) and
(A.10f).
Signal rates in the WW ∗ and ZZ∗ channels are quite close to each other, and the minor
differences originate from the O(x2) terms in Eq. (2.24). Fig. 8 further shows that the RV V
ratios are smaller than one over the full range of α and for f1 = f2 .
6 This is because the
6The ratio RV V ∼ 1 could be realized for other situation with f1 ≫ f2 or f1 ≪ f2. But this would make
W ′/Z′ masses too heavy, well above 1TeV, and thus irrelevant to the unitarity restoration. So this is not the
parameter space we will consider for our 221 model, as we mentioned in Sec. 2.
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Figure 8. Signal ratios (Rγγ , RWW , RZZ) as functions of the Higgs mixing angle α . We set Mh =
125GeV and input f1 = f2 . The heavy masses are taken to be, MF = 2.5TeV and MW ′ = 400GeV
[plot-(a)] or MW ′ = 600GeV [plot-(b)]. In each plot, at α = 0 , we also show an interesting sample
with degenerate h0 and H0, where the predicted γγ rate is marked by the red asterisk and the ZZ∗
(WW ∗) rate is marked by the blue asterisk. The ATLAS and CMS data for γγ, ZZ∗, and WW ∗
channels [5, 6] are shown for each plot, where the subscripts “A” and “C” stand for ATLAS and CMS,
respectively. These data points do not depend on α and their horizontal locations have no physical
meaning, except for the convenience of presentation.
WWh and ZZh couplings of (2.24) are always suppressed relative to the SM couplings.
Fig. 8 shows that the maximal WW ∗ and ZZ∗ signals can reach about 13 − 12 of the SM
expectations.
We further vary the input of VEV ratios according to (2.23). Different from Fig. 8 with
r = f2/f1 = 1 , we redo the analysis in Fig. 9(a) and 9(b) by inputting r =
1
2 and r = 2 ,
respectively. The heavy masses are taken as, MW ′ = 400GeV and MF = 2.5TeV, for both
plots. The signals via the WW ∗ and ZZ∗ channels exhibit stronger dependence on the
VEV ratio r than the di-photon channel. Especially, in contrast to Fig. 8(a), we see from
Fig. 9(a)-(b) that for r = 12 ( r = 2 ), the maximal ratio of WW
∗ rate over the SM has raised
to about 1.0 (0.9) , and that of ZZ∗ mode is shifted up to 0.8 (0.9) , while the maximal
γγ signals become about a factor 1.6 (1.4) of the SM expectation. These predictions are in
perfect agreement with the current LHC data shown in the same figure.
Based on our analysis in the previous section, we present an interesting case under λ1f
2
1 =
λ2f
2
2 and λ12 = 0, where two Higgs bosons (h
0, H0) become degenerate in mass, so we have
Mh = MH = 125GeV. This corresponds to the Higgs mixing angle α = 0. In practice,
we can allow the masses of (h0, H0) to be nearly degenerate, consistent with the present
mass-difference and uncertainties of the 125 − 126GeV resonances found in the ATLAS and
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Figure 9. Signal ratios (Rγγ , RWW , RZZ) as functions of the Higgs mixing angle α . The inputs
are the same as Fig. 8, except we set f2/f1 = 1/2 in plot-(a) and f2/f1 = 2 in plot-(b). For both
panels we take MW ′ = 400GeV. In each plot, at α = 0 , we also show an interesting sample with
degenerate h0 and H0, where the predicted γγ rate is marked by the red asterisk and the ZZ∗ (WW ∗)
rate is marked by the blue asterisk. The ATLAS and CMS data for γγ, ZZ∗, andWW ∗ channels [5, 6]
are shown for each plot, where the subscripts “A” and “C” stand for ATLAS and CMS, respectively.
These data points do not depend on α and their horizontal locations have no physical meaning, except
for the convenience of presentation.
CMS detectors [3, 4]. According to the formulae of (2.24)-(2.25), we note that for α = 0 ,
the Higgs couplings with gauge bosons and fermions take the simple relations, ξhV V /ξHV V ≃
r3 , ξhff/ξHff ≃ r , and ξhFF/ξHFF ≃ −[r/(1 + r2)2](x4M2F/m2f ) . Numerically, we show
the degeneracy signals for the γγ and ZZ∗/WW ∗ channels in Figs. 8-9, where the red asterisks
represent the predictions for the γγ mode and the blue asterisks denote the results for the
ZZ∗ (WW ∗) mode. To summarize, we present the predicted signal rates for the degeneracy
samples, with r = 1 ,
Rdegγγ = 1.37 , RdegZZ = 0.46 , RdegWW = 0.47 , (for MW ′ = 400GeV, r = 1); (3.3a)
Rdegγγ = 1.15 , RdegZZ = 0.36 , RdegWW = 0.37 , (for MW ′ = 600GeV, r = 1). (3.3b)
and with r = 12 , 2 ,
Rdegγγ = 1.27 , RdegZZ = 0.58 , RdegWW = 0.72 , (for MW ′ = 400GeV, r =
1
2
); (3.4a)
Rdegγγ = 1.39 , RdegZZ = 0.89 , RdegWW = 0.93 , (for MW ′ = 400GeV, r = 2). (3.4b)
It is clear that they agree well with the current LHC observations, and can be further dis-
criminated from the SM Higgs boson. In passing, during the finalization of this paper, we
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notice a different study appeared [30], which considered the two nearly degenerate neutral
Higgs bosons in the context of GUT-scale NMSSM scenarios and found enhanced γγ signal
rate as well as broadened mass peaks. Our collider phenomena with the nearly degenerate
(h0, H0) differs from [30] substantially, due to the new gauge bosons and vector-like heavy
fermions, as well as the absence of charged Higgs boson and superpartners in our model.
3.3 Signatures of h0 via Associated Production and Vector Boson Fusion
We now turn to discussing the other two production channels, the associated production
process q1q¯2 → V h and the vector boson fusion (VBF) process q1q2 → hq3q4 . In both
productions, the hV V couplings and the decay branching fractions of h0 differ from the SM
Higgs boson. Let us consider the Higgs decays into the SM fermions h0 → f f¯ , with the final
states such as f f¯ = bb¯, τ τ¯ . Using the couplings from (2.24), (2.25) and (2.31), we can derive
the signal ratios of the current model over the SM as follows,
σ[q1q¯2 →V h]× Br[h→f f¯ ]
σ[q1q¯2 →V h]SM × Br[h→f f¯ ]SM
≃ ξ2V V hξ2hff
ΓSMh
Γh
, (3.5a)
σ[q1q2 → hq3q4]× Br[h→f f¯ ]
σ[q1q2 → hq3q4]SM × Br[h→f f¯ ]SM
≃ ξ2V V hξ2hff
ΓSMh
Γh
, (3.5b)
where the relevant V -q-q¯′ couplings equal the SM couplings to good accuracy (cf. Sec. 2.4.2)
and the small O(x4) corrections can be safely dropped here. Hence, with (2.24) and (2.25),
we derive coupling ratio on the RHS of (3.5),
ξ2hV V ξ
2
hff ≃
(r3cα− sα)2(rcα− sα)2
(1 + r2)4
, (3.6)
which only explicitly depends on the VEV ratio r = f2/f1 and Higgs mixing angle α . For
the current analysis, we will vary r within O(1) . Meanwhile it is useful to note the two
special limits, r → 0 and r →∞ . For r → 0 ( f1 ≫ f2 ), we have ξ2hV V ξ2hff → sin4α ; while
for r →∞ ( f2 ≫ f1 ), we arrive at ξ2hV V ξ2hff → cos4α .
In Fig. 10, we plot the ratios (3.5)-(3.6) for the present model as a function of the Higgs
mixing angle α . We identify the lighter Higgs boson mass Mh = 125GeV and choose the
heavy fermion massM = 2.5TeV. In the plots (a) and (b) we have inputMW ′ = 400GeV and
MW ′ = 600GeV, respectively. In each plot, we have varied the VEV relations, f2 = f1/2,
f2 = f1, and f2 = 2f1, corresponding to r = (
1
2 , 1, 2), respectively. Inspecting each panel,
we note that for smaller r such as r = 12 , the curve is similar to the asymptotic behavior
sin4α (under r → 0 ), while for larger r such as r = 2 , the curve becomes closer to the
asymptotic behavior cos4α (under r →∞ ). As expected, our signals are always smaller than
the SM expectation due to the general suppressions in the tree-level hV V and hff couplings
of (2.24)-(2.25). From Fig. 10, we see that for the VEV ratio r varying within O(1) , the h0
signal rates can reach up to about 13 − 34 of the SM expectations.
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Figure 10. Signals of σ(qq¯′ → V h) × Br(h → bb¯) or σ(qq¯′ → h q3q4) × Br(h → τ τ¯ ) in the present
model over the corresponding SM expectations, as a function of the Higgs mixing angle α . We identify
the lighter Higgs mass Mh = 125GeV and set the heavy fermion mass MF = 2.5TeV for both plots.
The panels (a) and (b) have inputMW ′ = 400GeV andMW ′ = 600GeV, respectively. We have varied
the VEV ratio, r = (12 , 1, 2) , in each plot.
Finally, we note that for the case of two (nearly) degenerate Higgs states h0 and H0 with
masses around 125 − 126GeV, the signals at α = 0 will get enhanced. We summarize the
corresponding maximal ratios of signal rates R as follows,
Rdeg = (0.55, 0.32, 0.74) , for r =
(
2, 1,
1
2
)
and MW ′ = 400GeV; (3.7a)
Rdeg = (0.54, 0.31, 0.62) , for r =
(
2, 1,
1
2
)
and MW ′ = 600GeV. (3.7b)
These should be compared to the non-degenerate predictions of Fig. 10 for the choice of
α = 0 .
4 LHC Signatures of the Heavier Higgs Boson H0
In this section, we proceed to study the LHC signals of the heavier CP-even Higgs boson H0.
For the SM Higgs boson in the large mass-ranges, the ATLAS experiment has excluded the
SM Higgs boson mass window of (130.7, 523) GeV at 95%C.L. [3][31], while the CMS has put
exclusion limit within the mass-range of (128, 600) GeV at 95%C.L. [4][32]. The dominant
decay channels for a heavy SM or SM-like Higgs boson are known to be h0SM → (WW, ZZ) .
For the present analysis, we will study our signal predictions of the heavier Higgs boson
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H0 through the most sensitive channels of H → ZZ → 4ℓ and H → WW → 2ℓ2ν , in
comparison with the ATLAS and CMS searches. We find parameter regions where H0 is
relatively light and well below 600GeV, but is hidden and escapes the current LHC searches
in the H → WW, ZZ channels so far. We demonstrate that the current LHC (8TeV) is
starting to probe the H0 Higgs boson over some parameter ranges, and the next runs at
LHC (14TeV) with higher integrated luminosities will have good potential to discover or
exclude H0 over significant parameter space, providing a decisive test of this model against
the conventional SM.
4.1 Decay Branching Fractions and Productions of H0
The gauge and Yukawa couplings of H0 Higgs boson are derived in section 2.4. For the
present study, we first analyze the decay branching fractions of H0 over the mass-range of
MH = 130 − 600GeV. In Fig. 11 and Fig. 12, we compute the H0 decay branching fractions
for the VEV ratio r = 1 and r = 12 , respectively, where we also set the sample heavy
fermion mass MF = 2.5TeV. In Figs. 11-12, we present the results with MW ′ = 600GeV for
plot-(a)(b), while for plot-(c)(d), we set MW ′ = 400GeV. In addition, we input the sample
value of Higgs mixing angle α = 0.6π for the plot-(a)(c) of Figs. 11-12, and α = 0.8π for
their plot-(b)(d).
Over most of the parameter region, Figs. 11-12 show that the WW and ZZ final states
are the dominant decay channels of H0. Accordingly, the detection of H0 should be most
sensitive via gg → H0 → ZZ → 4ℓ and gg → H0 → WW → 2ℓ2ν . We note that for a
lighter mass of the new gauge boson, such as MW ′ = 400GeV in plot-(c)(d) of Figs. 11-12,
the decay channel H → V V ′ is open for MH > MV ′ +mV . As shown in (2.27a) of Sec. 2.4,
we see that the HV V ′ couplings receive enhancement from the heavy mass MV ′ , and thus
can make the H0 → V V ′ decay modes significant for the large MH mass ranges.
In addition, we can derive the cubic scalar vertex H-h-h from the Higgs potential (2.3)
with the coupling,
GHhh = −
1
2
sin 2α
(
M2h +
1
2
M2H
)(
cosα
f1
+
sinα
f2
)
. (4.1)
Thus, when the heavy Higgs boson mass becomes MH > 2Mh , the decay channel H
0 → h0h0
will be opened, with the partial decay width,
Γ
[
H0 → h0h0] = G2Hhh
8πMH
√
1− 4M
2
h
M2H
. (4.2)
By identifying the lighter Higgs boson mass Mh = 125GeV, this decay mode is open for the
mass-range MH > 250GeV. We find that the branching fraction of H
0 → h0h0 may be
comparable to the major channels H0 → WW, ZZ, tt in the relevant mass-range of H0, as
shown in Fig. 11(b)(d) for (r, α) = (1, 0.8π) and Fig. 12(a)(c) for (r, α) = (12 , 0.6π).
– 30 –
HaL
WW
ZZ
gg
hh
tt
bb
ΤΤ
cc
200 300 400 500 60010
-4
10-3
10-2
10-1
1
10
MH HGeVL
B
r
@
H
D
HbL
WW
ZZ
gg
hh
tt
bbΤΤ
cc
200 300 400 500 60010
-4
10-3
10-2
10-1
1
10
MH HGeVL
B
r
@
H
D
HcL
WW
ZZ
WW' ZZ'
gg
hh
tt
bb
ΤΤ
cc
200 300 400 500 60010
-4
10-3
10-2
10-1
1
10
MH HGeVL
B
r
@
H
D
HdL
WW
ZZ
WW' ZZ'
gg
hh
tt
bbΤΤcc
200 300 400 500 60010
-4
10-3
10-2
10-1
1
10
MH HGeVL
B
r
@
H
D
Figure 11. Decay branching fraction of the heavier Higgs boson H0 of our model. We have inputs
r = 1 and MF = 2.5TeV. The Higgs mixing angle is taken to be α = 0.6π for plot-(a)(c) and
α = 0.8π for plot-(b)(d). We set the W ′ mass MW ′ = 600GeV for plot-(a)(b) and MW ′ = 400GeV
for plot-(c)(d).
In parallel to Eq. (3.1), we can define the ratio RggH of the gluon-fusion production cross
sections for the heavy Higgs boson H over a hypothetical SM Higgs boson with the same
mass,
RggH ≡
σ[gg → H]
σ[gg → h]SM
=
Γ[H → gg]
Γ[h→ gg]SM
. (4.3)
In Fig. 13, we also present this ratioRggH as a function of the Higgs mixing angle α . We input
the heavy Higgs mass, MH = 250GeV for plot-(a)(b), and MH = 500GeV for plot-(c)(d).
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Figure 12. Decay branching fraction of the heavier Higgs boson H0 of our model. We have input
r = 12 and MF = 2.5TeV. The Higgs mixing angle is taken to be α = 0.6π for plot-(a)(c) and
α = 0.8π for plot-(b)(d). We set the W ′ mass MW ′ = 600GeV for plot-(a)(b) and MW ′ = 400GeV
for plot-(c)(d).
The plots (a,c) and (b,d) have taken MW ′ = 400GeV and MW ′ = 600GeV, respectively.
We also set the sample heavy fermion mass MF = 2.5TeV for all plots. From Fig. 13, we see
that for the sample inputs of r = (1, 12 , 2) , the signal ratio RggH reaches its peak around
α ≃ (0.15−0.35)π, and falls into its minimum at α ≃ (0.7−0.9)π . This should be compared
to the production of the light Higgs boson h0 as shown earlier in Fig. 7. The maximal and
minimal values of the ratios RggH (Fig. 13) and Rggh (Fig. 7) have different locations because
the corresponding H-t-t¯ and h-t-t¯ Yukawa couplings in (2.25) depend on the mixing angle α
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Figure 13. Ratio RggH of H0 production cross sections via gluon fusion process as a function
of the Higgs mixing angle α . We set the heavy Higgs mass, MH = 250GeV for plot-(a)(b), and
MH = 500GeV for plot-(c)(d). The plots (a,c) and (b,d) have MW ′ = 400GeV and MW ′ = 600GeV,
respectively. All plots have input the heavy fermion mass MF = 2.5TeV.
differently.
4.2 LHC Potential of Detecting H0
Next, we analyze the potential for probing the heavier Higgs boson H0 at LHC. This is
important for discriminating the present model from the conventional SM containing only
one CP-even state h0SM .
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We study the LHC processes, gg → H0 → ZZ → 4ℓ and gg → H0 → WW → 2ℓ2ν .
Thus, we consider the following signal rates of H0 over that of a hypothetical SM Higgs boson
with the same mass,
RZZ =
σ(gg→H)×Br(H→ZZ→4ℓ)
[σ(gg→h)×Br(h→ZZ→4ℓ)]SM
, (4.4a)
RWW =
σ(gg→H)×Br(H→WW→2ℓ2ν)
[σ(gg→h)×Br(h→WW→2ℓ2ν)]SM
. (4.4b)
We present our results in Fig. 14 with r = 1 and Fig. 15 with r = 1/2, respectively.
In these two figures, we have also imposed the current 95%C.L. exclusions of ATLAS [31]
and CMS [32] on the above signal ratios, shown as brown and black dashed curves. For
the Higgs mixing angle in the range of α . 0.6π , the LHC data have already put some
nontrivial constraints on the H0 mass below about 340GeV. Especially, the parameter region
around α = 0.25π is already largely excluded by the current data. This is expected since
Fig. 13 shows that the production cross section of gg → H reaches its peak values around
α ≃ (0.15−0.35)π , and its minimal values around α ≃ (0.7−0.9)π . It is useful to note that
for the the parameter region with a small mixing angle α ≃ (0.15− 0.35)π is also disfavored
by requiring the consistency of our light Higgs boson h0 with the current LHC signals, as
shown in Figs. 8-9.
From Figs. 14-15, we see that both signal ratios RZZ and RWW decrease when the Higgs
mixing angle increases from α = 0.25π to α = 0.8π. In Fig. 14 with r = 1, for the h0 signals
become maximal around α = 0.8π (Fig. 8), the corresponding signals of the heavier H0 Higgs
boson via the (WW, ZZ) channels are much suppressed relative to the SM expectation, by
a factor of RWW/ZZ = O(10−2) for MW ′ = 600GeV, and RWW/ZZ = O(10−2 − 10−3) for
MW ′ = 400GeV. Thus, in this case the H
0 becomes hidden and escapes the current LHC
detections. On the other hand, the situation gets changed for a mildly reduced Higgs mixing
angle such as α = 0.6π , for which we derive the corresponding signal rates for the light Higgs
boson h0 from Fig. 8,
Rγγ = 0.96 , RZZ = 0.30 , RWW = 0.35 , (for MW ′ = 400GeV), (4.5a)
Rγγ = 0.82 , RZZ = 0.25 , RWW = 0.27 , (for MW ′ = 600GeV). (4.5b)
In these samples, the γγ rates are slightly lower than the SM expectation, and the ZZ∗ and
WW ∗ signals are about a factor 1/3 of the SM. These are still consistent with the current
ATLAS and CMS observations [3, 4] shown in Fig. 8 [Sec. 3.2]. In the meantime, the current
experimental data from both ATLAS and CMS are still insufficient to discover or exclude
such a non-SM Higgs boson H0 with α & 0.6π . An increase of the integrated luminosity up
to Ltot = 40 − 60 fb−1 at the LHC (8TeV) for both detectors should provide more effective
probe of H0 in this case. The next phase of the LHC (14TeV) with an integrated luminosity
of 100 fb−1 will do a much better job for detecting such a heavy Higgs boson H0 .
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Figure 14. Signal ratios RZZ and RWW for the heavy Higgs boson searches at the LHC. Plots
(a) and (c) present the ratio RZZ , while plots (b) and (d) display the ratio RWW . We have input
the W ′ mass MW ′ = 600GeV for plots (a)-(b), and MW ′ = 400GeV for plots (c)-(d). The other
inputs are taken to be r = f2/f1 = 1 , and MF = 2.5TeV. The blue, red, and green curves in
each plot correspond to three different Higgs mixing angles, α = (0.8 π, 0.6 π, 0.25 π), respectively.
The 95%C.L. exclusion curves of ATLAS (brown dashed) and CMS (black dashed) are imposed for
comparison.
Furthermore, Fig. 15 shows that the suppressions on the H0 →WW,ZZ signals become
moderate with r = 12 . We find that the heavy Higgs boson signal predictions with α =
0.8π are much larger than the corresponding Fig. 14 ( r = 1 ), and become larger than (or
comparable to) the case of α = 0.6π in Fig. 15 ( r = 12 ). Fig. 15 also shows that the signal
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Figure 15. Signal ratios RZZ and RWW for the heavy Higgs boson searches at the LHC. Plots
(a) and (c) present the ratio RZZ , while plots (b) and (d) display the ratio RWW . Different from
Fig. 14, we have input r = f2/f1 = 1/2 for all plots. The W
′ mass is taken to be MW ′ = 600GeV
for plots (a)-(b), and MW ′ = 400GeV for plots (c)-(d). The heavy fermion mass is MF = 2.5TeV.
The blue, red, and green curves in each plot correspond to three different Higgs mixing angles, α =
(0.8 π, 0.6 π, 0.25 π), respectively. The 95%C.L. exclusion curves of ATLAS (brown dashed) and CMS
(black dashed) are imposed for comparison.
rates with α = (0.6 − 0.8)π are within a factor of O(10) from the current LHC exclusion
limits via the H0 → ZZ → 4ℓ and H0 → WW → 2ℓ2ν channels. Hence, we anticipate
exciting search results of H0 from the LHC (8TeV) after analyzing the full data sample of
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2012. Much more sensitive probes of H0 will be done in the next phase of the LHC running
at the 14TeV collision energy.
Besides the major channels of gg → H0 →WW,ZZ, we also note that the scalar channel
gg → H0 → h0h0 → (bb¯)(bb¯) is also useful when MH > 2Mh ≃ 250GeV. Especially, the new
CMS analysis shows that a b-tagging efficiency of 70% − 85% can be realized [33]. Thus,
tagging the 4b final state only reduces our signal rate by a factor of (24−52)% ≃ 14 − 12 . Such
4b final state is distinctive because we can require each pair of energetic bb¯ jets to reconstruct
the 125GeV resonance of h0 and the 4b jets to further reconstruct the heavy H0 resonance.
This should effectively suppress the SM backgrounds.
In addition, from (2.27a) we note that the HV V ′ coupling is enhanced by the factor
MV ′/v . Thus, for H
0 in the mass-range MH > MV ′ + MV , the decay channels H
0 →
WW ′, ZZ ′ become dominant, as shown in Figs. 11-12. For the mass-range MH > MV ′+MV ,
it is useful to search for the decay channels H → W ′W,Z ′Z → Z0W+W− → 3ℓ+ jj + /ET ,
with distinctive tri-lepton signals plus dijets and missing ET , where we have Z → ℓ+ℓ− and
WW → (ℓ ν)(jj) with ℓ = e, µ . Finally, we expect that more sensitive detections of H0
should come from next runs of the LHC at the 14TeV collision energy and with much higher
integrated luminosities around 100 − 300 fb−1. The future Linear Colliders (either ILC or
CLIC) should help to make further precision probes of the H0 signals.
Finally, we note that due to the ideal fermion delocalization [14], the W ′ couplings to the
SM fermions vanish and Z ′ couplings with the light fermions are suppressed by mW/MW ′ .
Thus, the major decay modes of (W ′, Z ′) gauge bosons are, W ′ →WZ and Z ′ →WW , or
W ′ →Wh and Z ′ → Zh . The partial decay widths of V ′ → V1V2 , with V1V2 =WZ (WW )
for V ′ =W ′ (Z ′) are derived as follows,
Γ[V ′→V1V2] =
G2V ′V1V2M
3
V ′
192πm21
[
M2V ′ + 10m
2
12
m22
+
m412 + 8m
2
1m
2
2
M2V ′m
2
2
][(
1− m
2
+
M2V ′
)(
1− m
2−
M2V ′
)] 3
2
,
(4.6)
with the masses (m1, m2) = (mV1 , mV2), m± = m1 ±m2 , and m212 = m21 +m22 . For the
other partial decay width of V ′ → V h with V = W (Z) for V ′ = W ′ (Z ′), we deduce the
following,
Γ[V ′→V h] = ξ
2
hV V ′m
2
VMV ′
12πv2
[
2 +
(M2V ′+m
2
V −M2h)2
4m2VM
2
V ′
][
1 +
(M2h−m2V )2
M4V ′
− 2 m
2
V +M
2
h
M2V ′
] 1
2
.
(4.7)
Here the gauge couplings GV ′V1V2 = GW ′WZ , GZ′WW and the Higgs-gauge couplings ξhV V ′ =
ξhWW ′, ξhZZ′ are given by (2.28) and (2.26), respectively.
Taking into account these two major channels, we present the decay branching fractions
ofW ′ in Fig. 16 by varying Higgs mixing angle α ∈ [0, π). It turns out that Br[W ′ →WZ] >
Br[W ′ → Wh] always holds over the full range of parameter α . In particular, we marked
the ranges of the mixing angle α in yellow strips where the corresponding h0 → γγ signal
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Figure 16. Decay branching fractions of W ′ versus Higgs mixing angle α for four sample inputs:
(r ,MW ′) = (1 , 400GeV) [plot-(a)], (r ,MW ′) = (1 , 600GeV) [plot-(b)], (r ,MW ′) = (
1
2 , 400GeV)
[plot-(c)], and (r ,MW ′) = (2 , 400GeV) [plot-(d)]. The light Higgs boson mass Mh = 125GeV . The
yellow strips correspond to the allowed α ranges by the consistency of our predicted h0 → γγ signals
with the ATLAS/CMS data within ±1σ .
predictions (as shown in Fig. 8-9) are consistent with the ATLAS and CMS measurements
within ±1σ. For such preferred parameter region of α , we see that the decay branching
fraction Br[W ′ → Wh] is significantly suppressed relative to Br[W ′ → WZ]. The situation
for Br[Z ′ → Zh] versus Br[Z ′ →WW ] is similar.
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5 Conclusions
During the finalization of this paper, it is our pleasure to learn the LHC announcement
on July 4, 2012 [3–6] of finding a Higgs-like new particle around 125 − 126GeV. This has
created great excitements to search for new physics of the Higgs sector and the origin of
the electroweak symmetry breaking. Some other interesting theoretical interpretations have
appeared very recently [34].
In this work, we have systematically studied the Higgs sector of a simple SU(2)⊗SU(2)⊗
U(1) gauge model (the 221 model), which has ideal fermion delocalization [14] and thus
allows relatively light new gauge bosons (W ′, Z ′) below 1TeV scale to participate in the
unitarization of longitudinal VLVL scattering (V = W,Z) together with the Higgs bosons
(h, H). This may be viewed as an effective UV completion of the Higgsless 3-site nonlinear
moose model [9]. In Sec. 2, we analyzed the structure of the model and derived all relevant
Higgs, gauge and fermion couplings. Then, we derived the general sum rules (2.32)-(2.33)
for the exact cancellation of asymptotic E2 amplitudes of the longitudinal VLVL scattering
at high energies. From this we revealed that such E2 cancellations are achieved by the joint
role of exchanging both spin-1 new gauge bosons and spin-0 Higgs bosons. This was explicitly
demonstrated in Fig. 1-2. We further derived the unitarity bound on the mass of the heavier
Higgs state H0 (Fig. 3) when the lighter Higgs boson h0 weighs about 125− 126GeV.
In Sec. 3-4, we presented systematical analyses of the LHC phenomenology of the 221
model, focusing on the Higgs signatures in connection with the 125− 126GeV resonance h0
and the probe of additional new Higgs state H0 beyond the SM. We identified the lighter
Higgs state h0 with the LHC observed mass 125GeV and set the Higgs VEV ratio r =
f2/f1 = O(1) as input. The Higgs sector only contains two free parameters, namely, the
heavier Higgs boson mass MH and the Higgs mixing angle α . Hence, the parameter space
of this model is highly predictive.
In Sec. 3, we analyzed the production of h0 via gluon fusions and its decays via the
most sensitive channels of γγ , ZZ∗ and WW ∗ , as shown in Figs. 4-7. The h0 signal rates
over the SM expectation are depicted in Figs. 8-9 via γγ , ZZ∗, and WW ∗ channels. We
found that due to new contributions of the heavy vector-like quarks in the current model the
gg → h0 production rates can get enhanced for proper ranges of the Higgs mixing angle α
(cf. Fig. 7). The maximal enhancements of the γγ rates are about a factor of 1.4 − 1.6 of
the SM expectations, depending on the Higgs mixing angle α and the W ′ mass. The signal
rates in the ZZ∗ and WW ∗ channels are generally suppressed and can reach up to about
1/2 of the SM values for r = 1 , and about a factor 0.8 − 1 of the SM for r = 12 , 2 . These
are compared with the current measurements of ATLAS [3] and CMS [4], and are found to
reach good agreements. We further studied an interesting case with (nearly) degenerate h0
and H0 Higgs bosons around 125 − 126GeV. As shown in Figs. 8-9 and Eqs. (3.3)-(3.4), we
found that the predicted maximal γγ rates are higher than the SM by about 15%− 37% for
r = 1 and 27% − 39% for r = 12 , 2 , while the ZZ∗ and WW ∗ signals can raise to about
1
3 − 12 of the SM expectations for r = 1 and 58%− 93% of the SM for r = 12 , 2 . They also
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agree with the latest LHC findings [3, 4]. In addition, we studied the signal rates of h0 via
associate production and vector boson fusion channels, as shown in Fig. 10. It turns out that
the predicted signals are generally suppressed by the tree-level hV V and hff couplings. For
the VEV ratio f2/f1 varying within O(1) , we found that the h0 signal rates can reach up
to about 13 − 34 of the SM results. Hence, a combined analysis of h0 signals in all three types
of processes (including gluon fusions, V h associate productions and vector boson fusions) will
help to discriminate our h0 Higgs boson from the SM.
In Sec. 4, we further analyzed the decays and productions of the heavier Higgs boson
H0 at the LHC. The detection of such a second new heavier H0 state is important for
discriminating the present model from the SM. The two major channels are gg → H0 →
ZZ → 4ℓ and gg → H0 →WW → 2ℓ2ν . The signal rates of H0 over the SM expectations
are shown in Figs. 14-15. The current search limits of ATLAS and CMS already start to probe
H0 via the ZZ and WW channels for the Higgs mixing angle α . 0.6π and mass-range
below about 340GeV. For the mixing angle in the α ∼ (0.6 − 0.8)π range, the H0 signal
rates via ZZ and WW channels become lower and will require higher integrated luminosities
at the LHC (14TeV). But, in the mass-range MH > 250GeV, the decay mode H
0 → h0h0
may be sizable for α ∼ 0.8π [Fig. 11(b)(d) with r = 1 ] or for α ∼ 0.6π [Fig. 12(a)(c) with
r = 12 ]. Thus, the scalar channel gg → H0 → h0h0 → (bb¯)(bb¯) will be useful since it gives
rise to the distinctive 4b final state with each pair of bb¯ dijets reconstructing the 125GeV
resonance of h0. Furthermore, we note that in the mass-range MH > MW ′ +mW , the H
0
Higgs state opens up new decay channels of H0 → W ′W,Z ′Z → Z0W+W− → 3ℓ+ jj + /ET ,
with distinctive tri-lepton signals plus dijets and missing ET , where Z → ℓ+ℓ− and WW →
(ℓ ν)(jj) with ℓ = e, µ . The H0 →W ′W/Z ′Z modes may become the dominant decays for
MH > MW ′ +mW , as shown in Fig. 11(c,d) and Fig. 12(c,d). This is useful to give further
probes of H0 at the LHC.
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Appendices
A Decays of the Lighter Higgs Boson
In this AppendixA, we analyze all decay modes for the lighter Higgs boson h0 in the present
model, which will differ from the SM Higgs boson due to its non-standard couplings with
gauge bosons and fermions shown in Sec. 2. There are three types of decay modes for h0 ,
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namely, (i) the weak gauge bosons WW/ZZ , (ii) the SM fermions, and (iii) the loop-induced
radiative decay modes of (gg, γγ, Zγ) .
The partial decay widths for h→ V V (V =W,Z) final states differ from that of the SM
Higgs boson by a common coupling factor according to Eq. (2.24),
Γ[h→ V V ]
Γ[h→ V V ]SM ≃ ξ
2
hV V 6 1 . (A.1)
This shows that the partial decay widths of h0 to the weak gauge bosons tend to be smaller
than the SM values. For h0 decays into the SM fermions, the partial decay widths differ from
the SM values by the corresponding Yukawa coupling factor as in Eq. (2.25),
Γ[h→ f f¯ ]
Γ[h→ f f¯ ]SM
≃ ξ2hff 6 1 , (A.2)
where f stands for a given SM fermion.
For the type (iii) loop-induced decay channels, there are two sources of the differences
from the SM Higgs boson. One is the non-standard h0 couplings to the SM particles, such as
the hV V couplings in (2.24) and hff couplings in (2.25). The other source is the existence
of extra new states, which enter the loop contributions. For the h → gg decays shown in
Fig. 17, besides the top-quark, six new heavy vector-like partners of the SM quarks will also
contribute to the loop. The decay width of h → gg differs the corresponding SM value by
the ratio,
Γ[h→ gg]
Γ[h→ gg]SM
=
∣∣∣∣∣∣
∑
f=t,Q
ξhffA
H
1/2(τf )
∣∣∣∣∣∣
2
∣∣∣∣∣∣
∑
f=t
AH1/2(τf )
∣∣∣∣∣∣
2 , (A.3)
with τf ≡ m2h/(4m2f ) . The fermion-loop form factor is given by
AH1/2(τ) = 2[τ + (τ − 1)f(τ)]τ−2 , (A.4a)
f(τ) =

arcsin2
√
τ , τ 6 1 ,
− 14
[
ln
1 +
√
1− τ−1
1−√1− τ−1 − iπ
]2
. τ > 1 .
(A.4b)
In the heavy fermion mass limit M2h ≪ 4m2f , the asymptotic behavior is, AH1/2(τ) → 4/3 .
So, the loop contributions from the extra heavy quarks are comparable to that of the top-
quark loop, and thus will enhance the Higgs production via the gluon fusion process. On the
other hand, the coupling factors of the Higgs boson with the extra heavy fermions (2.26e)
become, ξhQQ = O(m2W/M2W ′) ≪ 1 . Thus, the contributions from the heavy fermions
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q,Q g
g
Figure 17. Loop-induced radiative decays of the light CP-even Higgs boson h0 into gluon pairs, which
include loop contributions from both the SM quarks q and new vector-like quarks Q in the present
model.
only give moderate corrections to the Higgs productions, without drastic enhancement. This
feature differs from other extensions, such as the fourth family SM fermions.
The modification to the Γ[h → γγ] from the SM case is more complicated, since both
fermion-loops and gauge-boson-loops enter this decay channel, as shown in Fig. 18. Schemat-
ically, the non-standard di-photon partial width of h0 is expressed as follows at the leading
order,
Γ[h→ γγ]
Γ[h→ γγ]SM =
∣∣∣∣∣∣
∑
f=t,Q
Nc,fQ
2
fξhffA
H
1/2(τf ) +
∑
V=W ,W ′
ξhV VA
H
1 (τV )
∣∣∣∣∣∣
2
∣∣∣∣∣∣
∑
f=t
Nc,fQ
2
fA
H
1/2(τf ) +A
H
1 (τW )
∣∣∣∣∣∣
2 , (A.5a)
AH1 (τ) = −[2τ2 + 3τ + 3(2τ − 1)f(τ)]τ−2 , (A.5b)
where Nc,f = 3 (1) for colored (uncolored) states. Qf denotes the electric charge for each
fermion. AH1 (τ) is the form factor of vector boson loop, with τV ≡ M2h/(4M2V ) . For the
h → γγ decay channel, there are both W -loops and W ′-loops contributing to the partial
decay width. The heavy vector boson limit of M2h ≪ 4M2V gives the asymptotic behavior
AH1 (τ) → −7 . Therefore, the contributions from the heavy gauge boson W ′-loops can be
compatible with the usual W -loop contribution. In most parameter space of this model, the
pre-factor ξhW ′W ′ is not really suppressed, so the W
′-loop contributions should be retained.
Altogether, the Γ[h → γγ] in this model can be comparable to that of the SM Higgs, even
though GhWW 6 G
SM
hWW always holds. This feature differs from the case of Γ[h→WW/ZZ] ,
which is always lower than the SM values.
The decay width Γ[h→ Zγ] has similar feature to Γ[h→ γγ], and can be comparable to
the SM values. But, in this radiative decay process, there are diagrams including both SM and
heavy fields in the loop due to the existence of GWW ′h , GWW ′Z , and so on. We summarize
all Feynman diagrams contributing to this decay channel in Fig. 19. The explicit formula for
f, F γ
γ
W,W ′ γ
γ
W,W ′
γ
γ
Figure 18. Loop-induced radiative decays of the light CP-even Higgs h0 into di-photons in the present
model.
Γ[h→ Zγ]SM contains contributions from the SM fermion-loops and the W -loops,
Γ[h→ Zγ]SM = α
(4π)3
M3h
8π
(
1− m
2
Z
M2h
)3∣∣∣Aff +AWW ∣∣∣2 , (A.6a)
Aff ≡
∑
f
eNc,f
sW cW v
Qf vˆfAH1/2(τf , λf ) , (A.6b)
AWW ≡ e
sW v
AH1 (τW , λW ) , (A.6c)
with vˆf = 2T3f − 4Qfs2W and Qf denoting the electric charges. Here, the form factors are
defined as,
AH1/2(τ, λ) ≡ I1(τ, λ)− I2(τ, λ) , (A.7a)
AH1 (τ, λ) ≡ cW
{
4
(
3− s
2
W
c2W
)
I2(τ, λ) +
[
(1 + 2τ)
s2W
c2W
− (5 + 2τ)
]
I1(τ, λ)
}
. (A.7b)
where we have defined τi ≡ M2h/(4m2i ) and λi ≡ m2Z/(4m2i ) for i = f, V . The relevant
functions in the above form factors are defined as follows,
I1(τ, λ) =
1
2(λ− τ) +
1
2(λ− τ)2
[
f(τ)− f(λ)
]
+
λ
(λ− τ)2
[
g(τ) − g(λ)
]
, (A.8a)
I2(τ, λ) =
1
2(τ − λ)
[
f(τ)− f(λ)
]
, (A.8b)
g(τ) =

√
τ−1 − 1 arcsin√τ , τ 6 1 ,
−
√
1−τ−1
2
[
ln 1+
√
1−τ−1
1−√1−τ−1 − iπ
]
, τ > 1 .
(A.8c)
For the h0 → Zγ decay channel in the present model, the (A.6a) should be corrected
by including all loop contributions given in Fig. 19. Analytically, we can express this partial
decay width,
Γ[h→Zγ] = α
(4π)3
M3h
8π
(
1−m
2
Z
M2h
)3∣∣∣Aff +AFF +AfF + ∑
V=W,W ′
AV V +AWW ′
∣∣∣2, (A.9)
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Figure 19. Loop-induced radiative decays of the light CP-even Higgs boson h0 into the Zγ final
state in the present model.
where all the form factors read as follows,
Aff = ξfQf vˆfNc,f
e
sW cW v
AH1/2(τf , λf ) , (A.10a)
AFF = ξFQF vˆFNc,F
e
sW cW v
AH1/2(τF , λF ) , (A.10b)
AfF ≃
4mf
M2F
[
ghFRfLgFLfLZ + (L↔ R)
](
3 + 4 ln
mf
MF
)
− 4
MF
[
ghfRFL
gfLFLZ
+ (L↔ R)
]
, (A.10c)
AWW =
e
sW v
ξhV VAH1 (τW , λW ) , (A.10d)
AW ′W ′ =
e
sW v
ξhV ′V ′AH1 (τW ′ , λW ′) , (A.10e)
AWW ′ ≃
e
sW v
ξhV V ′
r
1+r2
[
7
2
+
1
18M2W ′
(5M2h
−45m2W − 47m2Z + 324m2W ln
MW ′
mW
)]
. (A.10f)
In the above, we have taken both heavy fermions mass limit MF ≫ (Mh, mf , mZ), and
heavy W ′ mass limit MW ′ ≫ (Mh, mW , mZ).
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B Decays of the Heavier Higgs Boson
In this AppendixB, we further analyze the dominant decay modes for the heavy Higgs bo-
son H0 in the present model. For the LHC analysis in Sec. 4, we mainly consider H0 for
the mass-range of MH = 130 − 600GeV. The major decay modes of H0 include, H0 →
WW, ZZ, WW ′, ZZ ′, , tt¯ , bb¯, τ τ¯ .
The partial decay widths for H0 → WW,ZZ channels differ from the SM values by a
common coupling factor according to Eq. (2.24),
Γ[H → V V ]
Γ[H → V V ]SM ≃ ξ
2
HV V 6 1 , (B.1)
where V = W,Z . It shows that the partial width of H0 → WW,ZZ tend to be smaller
than the SM values. For the mass-range of MH > MV ′ +mV with V
′ = W ′, Z ′, we have
the new decay channels H →W ′W,Z ′Z opened. We derive these decay rates as,
Γ[H → V ′V ] = m
2
VM
2
V ′
4πv2MH
ξ2HV V ′
(
2 +
(M2H −M2V ′ −m2V )2
4m2VM
2
V ′
)
×
√
1− 2m
2
V +M
2
V ′
M2H
+
(
M2V ′−m2V
M2H
)2
. (B.2)
Noting that the size of the dimensionless couplings ξHV V ′ are comparable to the ξHV V ,
this decay width (B.2) are even enhanced over that of H0 → WW,ZZ, since we have,
Γ[H→V ′V ]/Γ[H→V V ] ∝ (MV ′/mW )2 . It is clear that the H → V ′V can be the dominant
decay modes once they are kinematically allowed, as shown in Fig. 12 of Sec. 4.1. For H0
decays into the SM fermions, the partial decay widths differ from the SM Higgs values by the
corresponding coupling factor as given in Eq. (2.25),
Γ[H → f f¯ ]
Γ[H → f f¯ ]SM
≃ ξ2Hff 6 1 , (B.3)
where f stands for the SM fermion.
Finally, the relevant loop-induced radiative decay channel H → gg in the present model
also receives contributions from the six heavy vector-like partners of the SM quarks. This
partial decay width differs from the corresponding SM value,
Γ[H → gg]
Γ[H → gg]SM =
∣∣∣∣∣∣
∑
f=t,Q
ξHffA
H
1/2(τf )
∣∣∣∣∣∣
2
∣∣∣∣∣∣
∑
f=t
AH1/2(τf )
∣∣∣∣∣∣
2 , (B.4)
where τf ≡M2H/(4m2f ) .
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